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ABSTRACT 
Monitoring and Analysis of Hemodynamic Response to Cold Noxious Stimuli  
Using Functional Near Infrared Spectroscopy 
Zeinab Barati 
 
 
 
 
The gold standard for evaluating the presence, intensity, quality and location of pain is 
self-reporting questionnaires, if communication is not impaired. These questionnaires are 
highly subjective. Thus, there remains an unmet clinical need for a practical, inexpensive 
tool for the reliable and objective assessment of human response to pain.  
Due to inherent interaction between the autonomic nervous system (ANS) and the central 
pain processing system, we attempted to indirectly assess the intensity of ongoing pain by 
measuring the ANS response to painful stimuli using functional near infrared 
spectroscopy (fNIRS). fNIRS can be used for noninvasive, continuous monitoring of the 
hemodynamic activity on the cortex as well as skin. The objective of this PhD research is 
to investigate the feasibility of employing fNIRS technology for objective assessment of 
pain in human through the hemodynamic parameters measured by fNIRS at the skin and 
cortex in response to noxious stimuli. 
We used cold pressor test (CPT) as an experimental model of chronic pain. We used three 
consecutive 45-min trials of a CPT. We identified a parameter from fNIRS signal that 
significantly correlated with subjective pain scores. In another experiment, subjects 
immersed their hand into cold water of varying temperatures for as long as they could 
tolerate the cold pain/unpleasantness. Using multi-distance probes, we observed an 
asymmetrical activity in the prefrontal cortex and no laterality in the skin response. This 
finding suggests that while the generalized autonomic response is global, there is a 
xiv 
 
hemispheric asymmetry in the prefrontal cortex during cold water stimulation. Moreover, 
we observed sex-specific cortical activation which suggests sex differences in central 
processing/regulating of nociceptive information.  
In this research, we showed that a cold painful stimulus evokes a reproducible and 
consistent hemodynamic response which can be reliably detected by fNIRS as a non-
invasive, portable device. We found an association between the noxious stimulus and the 
evoked hemodynamic response. Further refinement of the proposed method, including 
incorporating advanced signal processing techniques and employing other noxious 
stimuli, in order to extract pure cortical response is required to make the fNIRS technique 
a powerful clinical tool for pain assessment.  
  
 
 
1 
 
CHAPTER 1: INTRODUCTION 
 
 
 
 
1.1. Background 
The International Association for the Study of Pain (IASP) defines pain as “an unpleasant 
sensory and emotional experience associated with actual or potential tissue damage, or 
described in terms of such damage” (1). Pain serves as an alarm to prevent possible 
damage to the organism, and is often a symptom of an injury or disease. When pain 
persists past the normal healing period, it becomes transformed to a new disease, the so 
called “chronic pain” with devastating psychophysical and psychosocial consequences.  
Pain is the most frequently encountered symptom in daily medical practice. In the United 
States, the incidence of pain is more than diabetes, heart diseases and cancer combined 
(2). According to the Institute of Medicine of the National Academies report, the 
prevalence of chronic pain in adult Americans was at least 100 million in 2011 (3). The 
total annual cost of healthcare, lost wages and other expenses associated with pain ranges 
from $560 billion to $635 billion in the United States (2). 
Pain perception and expression is highly subjective. The gold standard for evaluating the 
presence, intensity, quality and location of pain is self-reporting questionnaires if the 
patient is capable of reliable communication. These questionnaires, which are widely 
used in pain clinics, are highly subjective on the part of the patient as well as on the part 
of the healthcare providers - especially when there is more than one provider. This 
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shortcoming of pain questionnaires may result in under-prescription or over-prescription 
of analgesic drugs with their associated complications. 
In conventional pain practice, physiological parameters (such as heart rate, blood 
pressure, respiratory, galvanic skin response and cutaneous blood flow) and behavioral 
measures (such as facial grimacing and guarding the painful area) have been used to 
monitor the response to a noxious stimulus. However, these observations change due to 
many factors other than pain such as distress, medications, and illness. Thus, the clinical 
experience has proven that they are not practically reliable and should be interpreted 
cautiously (4). As such, available measures for the assessment of pain are subjective and 
poorly informative for design of correlative studies or adequate diagnosis and treatment 
of pain disorders.  
Technological advancements have offered a number of novel solutions for the assessment 
of pain. Neuroimaging studies using advanced imaging modalities such as PET (positron 
emission tomography) and fMRI (functional magnetic resonance imaging) have revealed 
brain regions activated during a physical or psychological experience of pain (5-9). Some 
research has found a relation between subjects‟ report of an ongoing pain and BOLD 
(blood oxygen level dependent) signal acquired by fMRI (7). These modalities have 
advanced our understanding of the underlying mechanisms in nociception and have had 
great impact on basic science. However, clinical practice has not accepted them for 
routine examinations for several reasons. Firstly, they are not cost-effective and thus, not 
suitable for everyday applications. Secondly, they are not user-friendly and require 
trained personnel to operate them and therefore, not practical for large-scale studies. 
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Finally, their poor temporal resolution and noisy and enclosed environment limits the 
experimental manipulation. 
Due to inherent interaction between the autonomic nervous system (ANS) and the central 
pain processing system, researchers have attempted to indirectly assess the intensity of 
ongoing pain by measuring the ANS response to painful stimuli. The ANS is a 
subdivision of peripheral nervous system and has two branches itself: sympathetic 
nervous system (SNS) and parasympathetic nervous system. It generally monitors the 
internal environment of the body and regulates the physiological parameters in order to 
maintain homeostasis. It is known that the ANS is actively involved in the generation and 
maintenance of pain (10, 11).  
Function of the ANS can be assessed through monitoring electrodermal and 
cardiovascular reactivity in response to an external stimulus. Several challenges have 
been proposed to evoke the ANS such as Valsalva maneuver, CO2 inhalation, isometric 
hand grip, and cold pressor test (CPT). A CPT is a conventional test performed by 
immersing a limb into a cold water (usually freezing water) container for a specific 
period of time. A CPT evokes a generalized sympathetic activation and induces a tonic 
pain. It was first used by Hines and Brown in 1932 to experimentally raise blood pressure 
for the study of hypertension (12) and since then, it has been widely used in research 
involving psychological, cardiovascular, and neurological disorders. The application of 
CPT for inducing experimental pain in healthy adults was initially introduced by Wolf 
and Hardy in 1941 (13). 
The hemodynamic response to the CPT may provide the means for an objective 
assessment of the induced tonic pain. Current methods of measuring these hemodynamic 
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modulations have not yet identified an objective biomarker of pain that can be practically 
applied in clinical settings. A reason for this may be the limitations of current 
technologies.  
The effect of sympathetic activation evoked by CPT on the cerebral hemodynamics has 
been investigated by using transcranial laser Doppler sonography for the assessment of 
the cerebral blood flow velocity in the middle cerebral arteries (14, 15). Sympathetically 
mediated changes in capillary blood flow and skin microcirculation during local cooling 
were studied using laser Doppler flowmetry (16).
 
Laser Doppler utilizes low power lasers 
that can interrogate the outermost 0.5 to 1 mm depth of the skin. Single point laser 
Doppler systems deliver good temporal but poor spatial resolution and the measured 
change in blood flow greatly depends on the position of the probe relative to the location 
of the affected arterioles and venules (17).  Another shortcoming of single point laser 
Doppler is its sensitivity to motion artifacts (17, 18). Recently, laser Doppler imaging has 
been introduced which offers much greater spatial resolution compared to single point 
laser Doppler flowmetry.
 
However, its temporal resolution is limited and the cost of the 
laser Doppler imaging equipment limits its routine application in clinical settings (14). 
Recent developments of functional near infrared spectroscopy (fNIRS) suggest that it can 
be used for noninvasive, continuous monitoring of tissue oxygenation and regional blood 
flow (19). Using fNIRS technology, changes in the hemodynamics can be measured 
simultaneously across different sites of sympathetic innervations such as hand, forearm, 
and face. In addition, the fNIRS technique allows noninvasive monitoring of cerebral 
hemodynamic changes induced by SNS and/or nociceptive activity. Recently, a few 
research studies suggested the use of fNIRS for monitoring cortical activation in response 
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to noxious stimuli in new-born infants (20, 21), healthy adults (22, 23),
 
patients 
undergoing cardiac surgery (24),
 
and individuals suffering from migraines (25).
 
Since an 
fNIRS system with multi-distance probes can penetrate as far as 3cm into the tissue, it 
enables the simultaneous signal acquisition from multiple layers, thus effectively 
eliminating the LDF shortfall. In fact, the fNIR technique provides a platform with the 
ability to study nociceptive responses of the skin, muscle, and cerebral cortex. Using the 
commonly used source-detector (S-D) separation distance of 2.5 to 4 cm, fNIRS can 
measure changes in blood oxygenation parameters within different layers up to a depth of 
1.25 to 2 cm, respectively (26). fNIRS can be portable and has low equipment and 
maintenance costs. It is relatively robust to motion artifacts and therefore, no 
immobilization is required during measurement, unlike movement constraints imposed by 
other functional imaging techniques. 
1.2. Problem Statement 
In spite of advances in medical imaging technology that significantly help basic science, 
there remains an unmet clinical need for a practical, inexpensive tool for the reliable and 
objective assessment of human response to pain. Advanced functional imaging modalities 
such as functional MRI and PET scans deliver superior spatial information which comes 
at high equipment and maintenance price. Therefore, they are not readily accessible for 
routine clinical use. They are also very sensitive to motion artifact and require 
subjects/patients proper immobilization throughout the procedure which may be very 
difficult to attain in specific populations such as the youth and elderly. Other modalities 
for the assessment of ANS function that is recognized to be related to nociception have 
poor sensitivity and specificity. 
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Currently, there is no practical method available for an objective assessment of pain and 
clinicians are basically relying on subjective self-report measures using limited scales. 
Beside the subjective nature of pain scales, their applicability for explaining different 
types and origins of pain is questionable. Also, in certain patients populations self-report 
cannot be obtained due to impaired or primitive communication abilities such as the 
elderly and infants.  
1.3. Objectives 
The primary objective of this PhD research is to investigate the feasibility of employing 
fNIRS technology for objective assessment of pain in human. The ultimate goal of this 
project is to identify a robust biomarker of ongoing pain through hemodynamic 
parameters measured by fNIRS at the skin, muscle, and cortex in response to noxious 
stimuli. 
1.4. Specific Aims and Research Hypotheses 
The specific aims of this research project were as follows: 
Specific aim 1: To determine the efficacy of fNIRS in assessing the blood flow changes 
at the skin, muscle, and cortex in healthy subjects in response to noxious stimuli.  
Hypothesis 1: fNIRS as a powerful tool for measuring regional blood flow 
changes is capable of effective assessment of SNS-mediated hemodynamic 
reactivity. Using multi-distance probes, fNIRS can monitor hemodynamic 
changes at various depths. 
Specific aim 2: To objectively investigate pain index for different intensities of painful 
stimuli. 
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Hypothesis 2: Due to interaction between the SNS and pain processing system, 
quantitative assessment of sympathetic nervous response to different intensities of 
pain may help develop a pain index. 
Specific aim 3: To study individuals‟ longitudinal response to a tonic pain. 
Hypothesis 3: Pain response including subjective rating scores and objective 
measures acquired with fNIRS change over the course of a prolonged noxious 
stimulus. Longitudinal studies can adequately evaluate an individual‟s response 
trajectory. 
Specific aim 4: To investigate the SNS-driven cerebral hemodynamic response and the 
skin‟s sympathetic nerve activity during nociception. 
Hypothesis 4: The intense generalized sympathetic activation in response to an 
acute pain is a global reaction while the cortical processing of the stimulus is 
hypothesized to be a secondary effect. Evaluation of the skin, muscle, and cortex 
response may help investigate the share of these two systems‟ involvement. 
1.5. Significance 
This research will provide a new approach in pain assessment. fNIRS signal collected 
simultaneously from multiple regions and tissue layers will be incorporated for objective 
assessment of ongoing pain. Such system will minimize other imaging modalities 
limitations such as low penetration depth, low sensitivity, ionizing radiation, and rare 
accessibility. With further refinement of this technology, the proposed technique would 
become an indispensable adjunct in all pain treatment facilities for routine diagnostic 
work ups and treatment efficacy assessments, including clinical trials of new 
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medications. Therefore, we envision for fNIRS technology to have a potentially decisive 
impact upon pain research and acceleration of new pain medication development. 
1.6. Outline 
Second chapter of this dissertation reports on the results of using three consecutive trials 
of CPT in control subjects. We examined the correlation between individuals‟ subjective 
reports and the evoked hemodynamic responses to noxious stimuli. We identified a 
parameter from fNIRS signal that significantly correlated with subjective pain scores.  
Third chapter explored variability of fNIRS signals during a CPT using a novel data 
analysis technique, i.e. functional data analysis (fDA). fDA provides a  new platform for 
the analysis of fNIRS data and gives qualitative and quantitative information of the shape 
and weight of main components of variability of fNIRS signals. Results of this 
investigation helped us in study of response dynamics and characterization of the evoked 
response in the next set of experiments. 
Fourth chapter reports on the pain tolerance experiments that were optimized by changing 
the setting of the cold water stimulus including the intensity and duration. We employed 
four different temperatures of cold water to induce mild, moderate, and intense pain in 
order to study the hemodynamic reactivity to different levels of a noxious stimulus. 
Fifth chapter concludes the dissertation by summarizing the results and giving some 
suggestions for future work. 
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CHAPTER 2: HEMODYNAMIC RESPONSE TO REPEATED NOXIOUS COLD 
PRESSOR TESTS MEASURED BY FUNCTIONAL NEAR INFRARED 
SPECTROSCOPY ON FOREHEAD 
The content of this chapter is a published manuscript in the journal of Annals of 
Biomedical Engineering. 
 
 
 
 
2.1. Abstract 
The objective of this research was to assess the utility of a simple near infrared 
spectroscopy (NIRS) technology for objective assessment of the hemodynamic response 
to acute pain. For this exploration, we used functional near infrared spectroscopy (fNIRS) 
to measure the hemodynamic response on the forehead during three trials of a cold 
pressor test (CPT) in 20 adults. To measure hemodynamic changes at the superficial 
tissues as well as the intracranial tissues, two configurations of „far‟ and „near‟ source-
detector separations were used. We identified two features that were found to be fairly 
consistent across all subjects. The first feature was the change of total hemoglobin (THb) 
concentration in a given condition divided by the duration of that condition (THb
 
). 
Statistical analyses revealed that during the first CPT trial THb
 
 significantly changed 
from its baseline value in all channels. Also, adaptation to repeated CPTs was observed in 
both THb
 
 parameter and the reported post-stimulus pain rating scores. The second 
feature was the difference between the maximum and the minimum of the evoked 
changes in the THb concentration (ΔTHb). A significant correlation was observed 
between the post-stimulus pain rating score and ΔTHb at all channels. An asymmetrical 
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activity was observed only at the „far‟ channels. These results suggest that fNIRS can 
potentially be used as a reliable technique for the assessment of the hemodynamic 
response to tonic pain induced by the CPT. 
Key terms: numerical rating scale, pain, sympathetic nervous system 
Abbreviations: CI: Confidence Interval; CPT: Cold pressor test; CSF: Cerebrospinal 
fluid; FDR: False Discovery Rate; LED: Light emitting diode; fDA: functional Data 
Analysis; fNIRS: functional near infrared spectroscopy; Hb: deoxy-hemoglobin; HbO2: 
oxy-hemoglobin; LQ: Laterality Quotient; NRS: Numerical rating scale; THb: Total 
hemoglobin 
2.2. Introduction 
Cold pressor test (CPT) is a conventional test widely used in research involving 
psychological, cardiovascular, and neurological disorders. It was first used by Hines and 
Brown in 1932 to experimentally raise blood pressure for the study of hypertension (12). 
The application of CPT for inducing experimental pain in healthy adults was initially 
introduced by Wolf and Hardy in 1941 (27). Since then, a large number of research 
studies have employed CPT for two main purposes: to evoke generalized sympathetic 
activation and to induce tonic pain. 
The effect of sympathetic activation evoked by CPT on the cerebral hemodynamics has 
been investigated by using transcranial laser Doppler sonography for the assessment of 
the cerebral blood flow velocity in the middle cerebral arteries (14, 15). Sympathetically 
mediated changes in capillary blood flow and skin microcirculation during local cooling 
were studied using laser Doppler flowmetry (16).
 
Laser Doppler utilizes low power lasers 
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that can interrogate the outermost 0.5 to 1 mm depth of the skin. Single point laser 
Doppler systems deliver good temporal but poor spatial resolution and the measured 
change in blood flow greatly depends on the position of the probe relative to the location 
of the affected arterioles and venules (17). Another shortcoming of single point laser 
Doppler is its sensitivity to motion artifacts (17, 18). Recently, laser Doppler imaging has 
been introduced which offers much greater spatial resolution compared to single point 
laser Doppler flowmetry.
 
However, its temporal resolution is limited and the cost of the 
laser Doppler imaging equipment limits its routine application in clinical settings (28). 
The cortical processing of the tonic pain induced by CPT has been investigated in several 
neuroimaging studies. Some brain regions have been identified to be involved in the 
processing of noxious cold stimuli. Di Piero et al. used a Xenon-133 inhalation single-
photon emission tomography (SPET) to assess the cerebral blood flow in response to 
CPT performed on the left hand (29).
 
They observed increased activation in regional 
blood flow in the contralateral frontal lobe and bilateral temporal regions as well as in the 
contralateral primary sensorimotor cortex in the cortical region representing the hand. In 
a positron emission tomography (PET) neuroimaging study, Casey et al. found increased 
regional cerebral blood flow (rCBF) in response to CPT in the lateral prefrontal, anterior 
cingulate and insular/precentral opercular cortices ipsilaterally and in the sensorimotor 
cortex contralaterally (30). 
Despite advances in imaging technology that significantly help basic science, there 
remains an unmet clinical need for a practical, inexpensive tool for the reliable and 
objective assessment of human response to pain. Recently, a few research studies 
suggested the use of functional near-infrared spectroscopy (fNIRS) for monitoring 
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cortical activation in response to noxious stimuli in new-born infants (31), healthy adults 
(22, 32), patients undergoing cardiac surgery (33),
 
and individuals suffering from 
migraines (34).
 
fNIRS is an emerging technology which enables real time measurement 
of tissue oxygenation and hemodynamics noninvasively (19).
 
fNIRS can be portable and 
has low equipment and maintenance costs. It is relatively robust to motion artifacts and 
therefore, no movement restriction is required during measurement, unlike the constraints 
imposed by other functional imaging techniques. Using the commonly used source-
detector (S-D) separation distance of 2.5 to 4 cm, fNIRS can measure changes in blood 
oxygenation parameters within different layers of the head, i.e. the scalp and grey matter 
up to a depth of 1.25 to 2 cm, respectively (26). 
The main goal of the present research was to explore the potential of fNIRS for objective 
assessment of pain. Currently, there is no practical method available for an objective 
assessment of pain and clinicians are basically relying on the subjective self-report 
measures using limited scales. Beside the subjective nature of pain scales, their 
applicability for explaining different types and origins of pain is questionable. We aimed 
to investigate whether the hemodynamic parameters measured by fNIRS can be used as a 
biomarker of the tonic pain induced by CPT in healthy adults. We used a CPT as an 
experimental model of tonic pain because it is a conventional test that is easy to 
implement in experimental and clinical settings. Furthermore, healthy adults are typically 
familiar with the induced stimulus and the evoked response to the CPT in humans is well 
documented (35-37). 
13 
 
2.3. Materials and Methods 
2.3.1 fNIRS Principles and Instrumentation 
The fNIRS exploits the fact that in the near infrared range (700 nm – 900 nm), water, the 
main ingredient of tissues in vivo, has the lowest light absorption, whereas deoxy-
hemoglobin (Hb) and oxy-hemoglobin (HbO2) chromophores are the main absorbers 
with distinctive absorption characteristics (38-40). By choosing two wavelengths in the 
near infrared spectrum and measuring the attenuation change at two different time points, 
the relative change in the concentration of Hb and HbO2 molecules can be calculated 
using the modified Beer-Lambert law (41):  
ΔOD  log (
Ib
It
)    
Hb . ΔcHb . d . DPF +   
HbO2 . ΔcHbO2 . d . DPF  
where, ΔOD  is termed optical density and is the change in optical intensity for the 
wavelength  , Ib is the light intensity measured during baseline, It is the light intensity 
detected during or after a given task,   
Hb and   
HbO2 are the absorption coefficients of Hb 
and HbO2 molecules at the wavelength  , ΔcHb and ΔcHbO2 are the concentration changes 
of Hb and HbO2 molecules due to the task, d is the physical distance between the light 
source and the photodetector, and DPF  is the differential pathlength factor adjusted for 
the increased pathlength between the light source and the photodetector due to scattering 
at the wavelength  . When measured at two wavelengths  1 and  2, this equation can be 
solved for the change in the concentration of Hb and HbO2 molecules. 
In this study, fNIRS data were collected using the continuous wave fNIRS system first 
described by Chance et al. (38) and further developed in our laboratory at Drexel 
University. The fNIRS system is composed of three subsystems: 1) fNIRS sensors that 
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consist of one light source and three photodetectors. The light source is a multi-
wavelength light emitting diode (LED) manufactured by Epitex Inc. type L4*730/4*850 - 
40Q96-I. The LED comes in a STEM TO-5 package at 730 nm and 850 nm wavelengths 
with an output power of 5 to 15 mW. The photodetectors are manufactured by Burr-
Brown Corporation type OPT101 and come in an 8-pin DIP package. 2) A control box 
for operating the LEDs and photodetectors. 3) A computer running the COBI Studio 
software (42) developed in our laboratory for data acquisition and real-time data 
visualization. The fNIRS system was calibrated in our laboratory using solid and liquid 
phantoms with known optical absorption and scattering parameters. The detailed 
specification of Drexel‟s fNIRS system including safety assessment and signal to noise 
estimation are described elsewhere (43-45). 
The fNIRS probes used in this study utilized two configurations of S-D separation in 
order to test the specificity of the hemodynamic response to a CPT. Using a multi-
distance probe, while the „far‟ detectors sampled a superimposed hemodynamic change 
over a larger banana shape pathway reaching deeper layers within the head, the „near‟ 
detector monitored the absorption changes in a shorter pathway through superficial 
layers, including the skin (Figure 1). There have been several theoretical and 
experimental studies to detect depth-dependent changes in absorption using different S-D 
separations (26, 46, 47).
 
The choice of the S-D distance in our research was made based on previous phantom 
experiments in our laboratory and Monte Carlo simulations by other groups. Okada et al. 
(26) reported that for an S-D separation of 15 mm and less, the mean optical path length 
at the deep layers is small and thus, the tissue volume being interrogated is confined to 
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the surface layer. They also described that for an S-D spacing of 30 mm, the near infrared 
light penetrates into the grey matter. In our approach in using two S-D separations to 
investigate the hemodynamic response at multiple layers, two detectors were placed at 
2.8 cm distance from the light source (far channels), and one detector was located at 1 cm 
from the light source (near channel). This selection leads to a nominal penetration depth 
of up to 0.5 cm at the „near channel‟ and up to 1.4 cm at the „far channels‟ for measuring 
the hemodynamic changes within superficial extracranial tissues and deep intracranial 
layers, respectively (48).
 
 
 
 
 
Figure 1. A schematic of the fNIRS probe configuration. Photons travel from a light source to a 
photodetector through a banana shape pathway with a penetration depth of half the source-detector 
distance. Measures are approximate. 
 
 
 
2.3.2 Subjects 
Twenty healthy, right-handed, as judged by the Edinburgh Handedness Inventory (49) 
(Laterality Quotient (LQ): 83.03 ± 22.03), individuals (10 females) with no history of 
neurological, psychological, or psychiatric disorders who were analgesic-free were 
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recruited from the Drexel University community. All participants signed the informed 
consent form approved by the Institutional Review Board (IRB) at Drexel University. At 
least one day prior to any experimental session, subjects were invited to participate in an 
orientation session in which they would perform a CPT in the real experimental setting to 
demonstrate the characteristics of the stimulus and to minimize anxiety associated with 
the initial exposure to cold water. Subjects were instructed to refrain from smoking and 
drinking any caffeinated or alcoholic beverages for at least 3 hours before the experiment. 
2.3.3 Protocol 
Two fNIRS sensors of the same configuration as previously described were positioned 
symmetrically on the left and right sides of a subject‟s forehead proximate to the anterior 
median line (Figure 2) and were secured using a medical band aid and a Velcro strap. 
Raw optical intensity measurements were collected at a sampling frequency of 2Hz in a 
dimly lit room with an ambient temperature of ~23
o
C. The effect of background light on 
fNIRS data was negligible and in fact, since the fNIRS measures the relative changes in 
Hb and HbO2 concentrations with respect to a baseline condition, this effect was washed 
out in the calculations. Subjects were seated comfortably in an armchair, facing away 
from the experimenter to minimize any distraction. 
Each experiment consisted of a baseline recording at rest followed by the immersion of 
the right hand up to the wrist into a bucket of circulating tepid water kept at room 
temperature (~23
o
C) for 2 minutes for adaptation. Then, subjects performed three serial 
trials of a CPT in the ice water (~0
o
C), each trial lasting 45 seconds followed by 2 
minutes post-stimulus hand immersion in the tepid water for the hemodynamic recovery. 
A block diagram of the protocol is shown in Figure 3. 
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Figure 2. A demonstration of the placement of fNIRS probes on a subject’s forehead. The probes are 
shown reversed to illustrate the location of the light source and photodetectors. 
 
 
 
 
Figure 3. Block diagram of the protocol 
 
 
 
Both water containers were equipped with commercial aquarium pumps for water 
circulation to minimize heat buildup around the immersed hand (50). The cold water 
container had a separate compartment for ice cubes in order to prevent any direct contact 
of the subject‟s skin with ice. Subjects received an auditory command from the 
experimenter when to switch their hand from the tepid water into the cold water and vice 
versa. At the end of each CPT and upon immersion of the hand back into the tepid water, 
subjects were requested to report the maximum intensity of the pain experienced during 
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the CPT on a numerical rating scale from 0 to 10 (NRS-11), where „0‟ indicates no pain 
and „10‟ indicates the worst imaginable pain (51). 
2.3.4 fNIR Data Processing 
To eliminate high frequency noise, respiration and heart pulsation artifacts, raw intensity 
measurements were first filtered by a finite impulse response low pass filter with a cut-off 
frequency set to 0.14Hz. The cut-off frequency of 0.14Hz was determined based on our 
previous NIRS studies (52). 
Changes in the concentrations of Hb and HbO2 were calculated relative to the mean 
value of the optical intensity during the first 15 second of the pre-stimulus baseline 
recording. The Hb and HbO2 data were then smoothed using a bspline basis expansion 
by imposing a penalty on the roughness of the second derivative of the data with a 
lambda of 300 (53). Total hemoglobin (THb) concentration was obtained from: 
THb = Hb + HbO2. 
     All signal processing calculations were performed in MATLAB (R2011a, 
MathWorks, Natwick, MA) and the smoothing was performed using the functional data 
analysis (fDA) package for MATLAB (53). Statistical analyses were conducted using the 
IBM SPSS Statistics 19. The significance criterion was  < 0.05 for all analyses. In the 
case of departure from sphericity, the degree of freedom associated with the 
corresponding F-ratio was corrected using the Greenhouse-Geisser (G-G) correction 
value. For subjective pain ratings, a non-parametric Friedman‟s ANOVA by ranks with 
Wilcoxon Signed Ranks post hoc analyses were calculated. To control the type I error 
introduced by simultaneous testing of the experimental-wise error rate, we applied the 
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Benjamini and Hochberg False Discovery Rate (FDR) procedure (54) to the omnibus 
ANOVAs and the post hoc multiple comparison tests. 
2.4. Results 
The average hemodynamic response across 20 subjects is shown in Figure 4a-b. Here, we 
report the results of the analysis of THb concentration calculated as the sum of Hb and 
HbO2 concentrations. 
The analyses of the THb concentration were performed to assess the: 1) effect of a 
noxious cold water stimulus on the hemodynamic response measured by fNIRS; 2) 
adaptation to repeated CPTs observable in THb concentrations as well as in subjective 
pain scores; 3) correlation between THb concentrations and subjective pain scores within 
subjects; 4) specificity of the hemodynamic response to the CPTs at the superficial layers 
versus deep tissues; and finally 5) laterality of the hemodynamic activity measured on 
both sides of the forehead during the CPTs. In the following sections, we have assessed 
the measures and reported on our findings. 
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Figure 4A-B. The hemodynamic response to three trials of cold pressor test (CPT) averaged across 
20 subjects on the right (a) and left (b) sides of the forehead. The black vertical lines represent time 
points at which subjects switched their hand from the tepid water to the ice water and vice versa. The 
pink shaded field represents the baseline period, the orange shaded fields represent the immersion in 
tepid water condition, and the blue shaded fields represent the CPT conditions. Hb, HbO2 and THb 
are abbreviations for deoxy-hemoglobin, oxy-hemoglobin and total hemoglobin, respectively. ‘S-D’ 
symbol stands for ‘source-detector’. 
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2.4.1. The effect of a CPT on the THb concentration 
To assess the effect of a noxious cold water stimulus on the hemodynamic response, we 
compared four conditions: the initial baseline recording condition (30 seconds at rest), the 
pre-stimulus condition (the initial 2 minutes hand immersion in the tepid water), the first 
stimulus condition (the first CPT trial for 45 seconds) and the first post-stimulus 
condition (the 2 minutes hand immersion in the tepid water following the first CPT trial) 
(Figure 5). We hypothesized that a noxious cold stimulus (ice water) would increase the 
blood flow to the head and consequently, the THb concentration would also increase. 
Repeated measures ANOVAs showed that      significantly changed across the four 
conditions in all channels (Table 1). Post hoc FDR adjusted multiple comparisons 
revealed that THb
  did not significantly change from its baseline value due to hand 
immersion in tepid water, except for the „near channel‟ on the right side of the forehead 
(Table 2). However, hand immersion in ice water caused a significant change in THb
 
 as 
compared to its values at both the baseline and pre-stimulus conditions and it showed a 
large effect (d > 0.944). Also, THb
 
 at the pre-stimulus and stimulus conditions were 
significantly different from their values at the post-stimulus condition which also showed 
large effects (d > 1.219). 
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Figure 5. Line graphs of T b  during four experimental conditions: baseline, pre-stimulus, stimulus, 
and post-stimulus conditions (for the definition of T b , please see section 5.1). Error bars represent 
the 95% confidence intervals (CI) 
 
 
 
Table 1. Results of repeated measures ANOVA on T b  during the four experimental conditions: 
baseline, pre-stimulus, stimulus, and post-stimulus conditions. 
Forehead 
Side 
Channel 
T b  (µmoles/second) 
(mean ± SD+) Repeated Measures 
ANOVA* Baseline Pre-stimulus Stimulus Post-
stimulus 
Right 
1 
(2.8cm) 
0.00 ± 0.02 -0.00 ± 0.01 0.12 ± 0.08 -0.05 ± 0.03 
F(1.12,21.29) = 37.16 G-G++ 
p < 0.001 
2 
(2.8cm) 
0.01 ± 0.02 -0.00 ± 0.01 0.13 ± 0.10 -0.05 ± 0.04 
F(1.08,20.49) = 33.71 G-G 
p < 0.001 
3 
(1cm) 
0.03 ± 0.03 0.02 ± 0.02 0.13 ± 0.09 -0.03 ± 0.04 
F(1.10,20.01) = 29.54 G-G 
p < 0.001 
Left 
1 
(2.8cm) 
0.00 ± 0.02 0.00 ± 0.01 0.08 ± 0.06 -0.03 ± 0.02 
F(1.14,21.65) = 35.16 G-G 
p < 0.001 
2 
(2.8cm) 
0.01 ± 0.02 -0.00 ± 0.01 0.06 ± 0.05 -0.02 ± 0.02 
F(1.13,21.38) = 25.50 G-G 
p < 0.001 
3 
(1cm) 
0.02 ± 0.04 0.02 ± 0.02 0.10 ± 0.08 -0.02 ± 0.03 
F(1.29,24.56) = 25.66 G-G 
p < 0.001 
*
Experiment-wise error rates are False Detection Rate (FDR) adjusted (p-values). 
+„SD‟ stands for „standard deviation‟. 
++
Due to departure from sphericity, the degrees of freedom were adjusted using the Greenhouse-Geisser (G-
G) correction value.  
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Table 2. Pairwise condition comparisons across the Forehead Side and Channel including 95% 
confidence intervals and effect sizes for T b , comparing the four conditions: the baseline, 1st pre-
stimulus, 1st stimulus, and 1st post-stimulus conditions. 
Forehead 
Side 
Channel Pairs of Conditions 
95% CI+ of the 
difference p-
value* 
Cohen’s 
d Lower 
Limit 
Upper 
Limit 
Right 
1 
(2.8cm) 
Baseline –Pre-stimulus -0.001 0.020 0.075 ----- 
Baseline – Stimulus -0.150 -0.067 < 0.001 1.222 
Baseline – Post-stimulus 0.038 0.070 < 0.001 1.563 
Pre-stimulus – Stimulus -0.158 -0.079 < 0.001 1.414 
Pre-stimulus – Post-stimulus 0.028 0.060 < 0.001 1.276 
Stimulus – Post-stimulus 0.109 0.216 < 0.001 1.429 
2 
(2.8cm) 
Baseline –Pre-stimulus -0.002 0.017 0.110 ----- 
Baseline – Stimulus -0.178 -0.075 < 0.001 1.149 
Baseline – Post-stimulus 0.043 0.079 < 0.001 1.584 
Pre-stimulus – Stimulus -0.182 -0.086 < 0.001 1.318 
Pre-stimulus – Post-stimulus 0.035 0.072 < 0.001 1.359 
Stimulus – Post-stimulus 0.123 0.252 < 0.001 1.359 
3 
(1cm) 
Baseline –Pre-stimulus 0.008 0.026 0.001 0.871 
Baseline – Stimulus -0.140 -0.053 < 0.001 1.031 
Baseline – Post-stimulus 0.045 0.084 < 0.001 1.555 
Pre-stimulus – Stimulus -0.153 -0.068 < 0.001 1.184 
Pre-stimulus – Post-stimulus 0.031 0.064 < 0.001 1.351 
Stimulus – Post-stimulus 0.102 0.220 < 0.001 1.280 
Left 
1 
(2.8cm) 
Baseline –Pre-stimulus -0.003 0.013 0.229 ----- 
Baseline – Stimulus -0.101 -0.044 < 0.001 1.183 
Baseline – Post-stimulus 0.026 0.048 < 0.001 1.568 
Pre-stimulus – Stimulus -0.105 -0.049 < 0.001 1.279 
Pre-stimulus – Post-stimulus 0.023 0.042 < 0.001 1.570 
Stimulus – Post-stimulus 0.073 0.145 < 0.001 1.422 
2 
(2.8cm) 
Baseline –Pre-stimulus -0.002 0.014 0.129 ----- 
Baseline – Stimulus -0.088 -0.030 < 0.001 0.944 
Baseline – Post-stimulus 0.021 0.038 < 0.001 1.687 
Pre-stimulus – Stimulus -0.091 -0.038 < 0.001 1.136 
Pre-stimulus – Post-stimulus 0.015 0.033 < 0.001 1.219 
Stimulus – Post-stimulus 0.055 0.122 < 0.001 1.225 
3 
(1cm) 
Baseline –Pre-stimulus -0.010 0.016 0.640 ----- 
Baseline – Stimulus -0.107 -0.037 < 0.001 0.967 
Baseline – Post-stimulus 0.027 0.060 < 0.001 1.236 
Pre-stimulus – Stimulus -0.110 -0.040 < 0.001 0.999 
Pre-stimulus – Post-stimulus 0.030 0.052 < 0.001 1.759 
Stimulus – Post-stimulus 0.074 0.157 < 0.001 1.298 
*
Significant results (False Detection Rate (FDR) adjusted) are shown in bold. 
 
+„CI‟ stands for „confidence interval‟. 
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2.4.2. Adaptation to repeated CPTs observable in subjective pain ratings and THb 
The adaptation to repeated trials of CPT observable in both subjective pain ratings 
(Figure 6) and THb
 
 at the stimulus condition (Figure 7) was further explored. 
Post-stimulus pain rating scores reported based on the NRS-11 (in which „0‟ means no 
pain and „10‟ means the worst pain imaginable) was tested with Friedman‟s ANOVA by 
Ranks. There was a significant difference in the median value of the subjects‟ pain rating 
scores with respect to CPT trials (2 (2) = 14.70, p = 0.001). Post hoc Wilcoxon signed 
ranks tests yielded that the intensity of the reported pain rating scores decreased 
significantly across CPT trials. It was revealed that the pain score reported after the first 
trial of CPT was significantly higher than the pain scores given after the second and third 
trials (Z = 2.29, p = 0.02 and Z = 2.92, p = 0.004, respectively). Also, the pain score 
reported after the second trial of CPT was significantly higher than the pain score given 
after the third trial (Z = 2.59, p = 0.01). 
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Figure 6. Boxplots of post-stimulus pain rating scores of 20 subjects across three trials of cold pressor 
test (CPT). Two outliers were identified for pain scores reported after 3rd trial of CPT and are 
represented as circles. 
 
 
 
 
Figure 7. Line graphs of T b  across cold pressor test (CPT) trials (for the definition of T b , please 
see section 5.1) 
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Figure 8. Line graphs of T b  for separate trials of cold pressor test (CPT) (for the definition of 
T b , please see section 5.1). Significant interactions between the Forehead Side and Channel were 
found for the 1st and 2nd CPT trials. 
 
 
 
Table 3. Main effect of cold pressor test (CPT) trials repeated measures ANOVAs on T b  
Forehead 
Side 
Channel 
T b  (µmoles/second) 
(mean ± SD+) Repeated Measures 
ANOVA* 1st CPT 2nd CPT 3rd CPT 
Right 
1 (2.8cm) 0.12 ± 0.08 0.05 ± 0.04 0.04 ± 0.05 
F(1.38,26.20) = 31.41 G-
G++ 
p < 0.001 
2 (2.8cm) 0.13 ± 0.10 0.05 ± 0.03 0.04 ± 0.05 
F(1.32,25.08) = 27.27 G-G 
p < 0.001 
3 (1cm) 0.13 ± 0.09 0.06 ± 0.04 0.06 ± 0.06 
F(1.49,28,35) = 16.83 G-G 
p < 0.001 
Left 
1 (2.8cm) 0.08 ± 0.06 0.03 ± 0.03 0.02 ± 0.02 
F(1.32,25.03) = 24.62 G-G 
p < 0.001 
2 (2.8cm) 0.06 ± 0.05 0.02 ± 0.03 0.02 ± 0.03 
F(1.44,27.30) = 23.18 G-G 
p < 0.001 
3 (1cm) 0.10 ± 0.08 0.05 ± 0.06 0.03 ± 0.06 
F(1.55,29.36) = 32.20 G-G 
p < 0.001 
*
Experiment-wise error rates are False Detection Rate (FDR) adjusted (p-values). 
+„SD‟ stands for „standard deviation‟. 
++
Due to departure from sphericity, the degrees of freedom were adjusted using the Greenhouse-Geisser (G-
G) correction value.  
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Table 4. Pairwise cold pressor test (CPT) trials comparisons across the Forehead Side and Channel 
including 95% confidence intervals and effect sizes for T b  
Forehead 
Side 
Channel Pair of CPT 
95% CI+ of the 
difference 
p-value* 
Cohen’s 
d Lower 
Limit 
Upper 
Limit 
Right 
1 
(2.8cm) 
1st CPT – 2nd CPT 0.043 0.095 < 0.001 1.266 
1st CPT – 3rd CPT 0.052 0.106 < 0.001 1.376 
2nd CPT – 3rd CPT -0.003 0.023 0.138 ----- 
2 
(2.8cm) 
1st CPT – 2nd CPT 0.051 0.125 < 0.001 1.117 
1st CPT – 3rd CPT 0.061 0.123 < 0.001 1.391 
2nd CPT – 3rd CPT -0.013 0.021 0.637 ----- 
3 
(1cm) 
1st CPT – 2nd CPT 0.033 0.107 0.001 0.886 
1st CPT – 3rd CPT 0.045 0.103 < 0.001 1.184 
2nd CPT – 3rd CPT -0.018 0.025 0.726 ----- 
Left 
1 
(2.8cm) 
1st CPT – 2nd CPT 0.027 0.076 < 0.001 0.964 
1st CPT – 3rd CPT 0.041 0.082 < 0.001 1.389 
2nd CPT – 3rd CPT -0.002 0.021 0.088 ----- 
2 
(2.8cm) 
1st CPT – 2nd CPT 0.022 0.062 < 0.001 0.971 
1st CPT – 3rd CPT 0.033 0.066 < 0.001 1.392 
2nd CPT – 3rd CPT -0.004 0.18 0.174 ----- 
3 
(1cm) 
1st CPT – 2nd CPT 0.029 0.070 < 0.001 1.131 
1st CPT – 3rd CPT 0.045 0.083 < 0.001 1.588 
2nd CPT – 3rd CPT 0.003 0.027 0.020 0.573 
*
Significant results (after controlling the False Detection Rate (FDR)) are shown in bold. 
 
+„CI‟ stands for „confidence interval‟.  
 
 
 
To assess the hemodynamic response across three CPT trials, repeated measures 
ANOVAs were performed on THb
 
 for all channels separately on the left and right sides 
of the forehead (Table 3). There were significant main effects of CPT trials in THb
 
 in all 
channels. FDR adjusted post hoc multiple comparisons showed that THb
 
 at the first CPT 
trial was significantly different from the THb
 
 at the second and third CPT trials in all 
channels on both sides of the forehead with large effects (d > 0.886) (Table 4). However, 
except for the „near channel‟ on the left side, THb
 
 values at the second and third CPT 
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trials were not significantly different. This significant difference represented a moderate 
effect (d = 0.573). 
We experimentally identified another feature which may be a better representation of the 
individualized hemodynamic response to CPTs. This variable, which is denoted as ΔTHb, 
is expected to account for the inter-subject variability in the latency of the hemodynamic 
response and is defined as the change in the THb concentration induced by each CPT. 
ΔTHb is calculated as the difference between the minimum value of THb that is obtained 
within 20 seconds after hand immersion in ice water and the maximum value of THb 
within a 35 seconds window starting 15 seconds before removing the hand from the ice 
water and ending 20 seconds after it (Figure 9A-C). The minimum value of THb was 
searched within a region when the effect of CPT is expected to be minimal. The 
maximum value of THb was searched within a window in which the cumulative effect of 
CPT was expected to reach its maximum with enough time for the hemodynamics to fully 
evolve. Although we acknowledge that within the selected time windows subjects may be 
cognitively involved in anticipating the next stimulus or reporting their pain, the effect of 
these cognitive tasks on the hemodynamics is considered to be much lower than the 
observed effect of a cold water stimulus and thus, it can be disregarded. 
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(A) 
 
(B) 
 
(C) 
Figure 9. Three sample total hemodynamic responses to the first cold pressor test (CPT) measured at 
the ‘far channel 1’ on the right side of the forehead. The first black vertical line represents the time 
point at which subjects immersed their hand into the ice water and the second black vertical line 
shows the time when subjects immersed their hand back into the tepid water. Dashed blue vertical 
lines represent the detected time points for ΔT b calculation (see 5.3 section). 
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2.4.3. Correlation analysis between ΔTHb and subjective pain scores 
A secondary interest was to determine whether a decrease in the reported pain scores 
across the three CPT trials within a subject was associated with a decrease in the 
measured hemodynamic parameter (i.e. ΔTHb). To answer this question, within-subjects 
correlation coefficients (55) were calculated. All the correlation values were significant at 
the 0.05 level and showed a moderate to large effects (ranging from 0.50 to 0.67), 
corresponding to a linear relation between the subjective pain rating scores and ΔTHb 
within subjects (Table 5).  
 
 
 
Table 5. Within-subjects correlation values between self-reported pain rating scores and ΔTHb 
Forehead Side Channel Within-subjects correlation* 
Right Far Channel 1 0.609 
Far Channel 2 0.577 
Near Channel 0.541 
Left Far Channel 1 0.556 
Far Channel 2 0.495 
Near Channel 0.670 
*All the correlation coefficients were significant at a 0.05 level. 
 
 
 
2.4.4. Comparing ΔTHb response at the ‘far channels’ with the ‘near channels’ across 
left and right sides of the forehead 
Separate 2 × 3 (Forehead Side by Channel) repeated measures ANOVAs on ΔTHb were 
performed for each CPT trial to assess the laterality and specificity of the hemodynamic 
activity. Specificity of the hemodynamic response was measured by „far channels 1 and 
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2‟ representing the intracranial layers and a „near channel‟ representing the superficial 
tissues. Greenhouse-Geisser (G-G) corrections were applied for violations of the 
sphericity assumption on the repeated measures tests. 
Results of the 2 × 3 (Forehead Side by Channel) repeated measures ANOVAs on ΔTHb 
showed significant interactions between the Forehead Side and Channel for every three 
CPT trials (F(2.26,42.95) = 5.78 G-G, p = 0.004, F(3.05,58.03) = 5.46 G-G, p = 0.002, 
F(2.18,41.33) = 7.37 G-G, p = 0.001; for the first, second and third CPT trials, 
respectively). There was a significant main effect of the Forehead Side for all CPT trials 
(F(1,19) = 8.69, p = 0.008, F(1,19) = 8.40, p = 0.009, F(1,19) = 8.04, p = 0.01; for the 
first, second and third CPT trials, respectively) and a significant main effect of the 
Channel for the second and third CPT trials (F(2,38) = 4.70 G-G, p = 0.02, F(2,38) = 
10.75, p < 0.001) (Figure 10). 
Post hoc multiple comparisons after controlling the FDR showed that there is no 
significant difference between the „near channel‟ and „far channels‟ on either side of the 
forehead. 
Significant asymmetrical activity was revealed by the FDR adjusted post hoc tests on the 
ΔTHb response measured by the „far channels‟, indicating moderate-to-large effects 
(0.697 < d < 0.902). However, there was no laterality in the ΔTHb for the superficial 
tissues as measured by the „near channels‟ (Table 6). 
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Figure 10. Line graphs of ΔT b for separate trials of cold pressor test (CPT) (for the definition of 
ΔT b, please see Figures 9A-C). For all three trials of CPT, significantly different activation on the 
left and right sides of the forehead was observed in ΔT b as measured by the ‘far channels’, while 
no laterality was observed in ΔT b as measured by the ‘near channels’. 
 
 
 
Table 6. Pairwise channel pair comparisons across cold pressor test (CPT) trials including 95% 
confidence intervals and effect sizes for ΔTHb 
CPT Trial Pair of Channels 
95% CI+ of the 
difference p-
value* 
Cohen’s 
d Lower 
Limit 
Upper 
Limit 
1st 
Right Far Channel 1 – Left Far Channel 1 0.817 4.151 0.006 0.697 
Right Far Channel 2 – Left Far Channel 2 1.513 5.225 0.001 0.849 
Right Near Channel – Left Near Channel -0.793 3.652 0.194 ------ 
2nd 
Right Far Channel 1 – Left Far Channel 1 0.595 2.025 0.001 0.857 
Right Far Channel 2 – Left Far Channel 2 0.619 2.483 0.002 0.779 
Right Near Channel – Left Near Channel -0.866 1.818 0.467 ------ 
3rd 
Right Far Channel 1 – Left Far Channel 1 0.614 2.214 0.002 0.827 
Right Far Channel 2 – Left Far Channel 2 0.713 2.251 0.001 0.902 
Right Near Channel – Left Near Channel -0.642 2.444 0.237 ------ 
*
Significant results (after controlling the False Detection Rate (FDR)) are shown in bold. 
+
 ‘CI‟ stands for „confidence interval‟.  
33 
 
2.5. Discussion 
Despite the technological advancement in medical device development, effective 
assessment and management of pain is poorly addressed.  One possible reason could be 
the subjectivity of the pain experience. It is well known that the pain experience 
including its perception and expression is highly individualized. Therefore, there is a 
need for a more objective assessment of pain. 
In the conventional pain practice, vital signs such as heart rate, blood pressure, 
respiratory rate, galvanic skin response and/or cutaneous blood flow measured by laser 
Doppler flowmetry have been used to monitor the physiological parameters in response 
to a noxious stimulus. However, the clinical experience has proven that these 
physiological signs are not practically reliable and should be interpreted cautiously. For 
instance, physiological parameters change due to many factors other than pain such as 
distress, medications, and illness. Laser Doppler flowmetry data are also very noisy and 
the smallest motion causing any change in the contact between the probe tip and the skin 
creates a drastic change in the signal. Further, since the typical depth of penetration for a 
laser Doppler flowmeter is less than 1mm, the results are very sensitive to the type of the 
skin and the location where the probing is conducted (17, 18). 
Over the past five years, we have used fNIRS for monitoring hemodynamic response to 
noxious stimuli. We aimed to find an association between a noxious stimulus and the 
evoked hemodynamic response and to demonstrate that induced noxious stimuli elicit a 
reproducible and consistent hemodynamic response which can be reliably detected by 
fNIRS. During this period, we have explored different protocols by changing the setting 
of the stimulus such as type, intensity and duration as well as fNIRS probe configurations 
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in an effort to optimize the reproducibility and strength of the response. The results 
presented in this manuscript demonstrate only a piece of our quest to identify reliable and 
robust stimulus-response parameters. The present study aimed to investigate the 
hemodynamic changes during repeated CPTs employed as an experimental model of the 
tonic pain with the capability of evoking a general acute sympathetic activation. We 
established that a simple NIRS device can effectively monitor the hemodynamic response 
to a CPT. Since the signal penetrates deeper and the light source and detector are directly 
in contact with the skin, there is a negligible noise due to the movement of components 
with respect to the skin. 
According to the literature, cold sensation, at freezing temperatures, becomes painful 
within the initial 10 seconds and progressively increases until it reaches its maximum at 
approximately 60 seconds (37). Based on our pilot experiments, we observed that 45 
seconds was a reasonable duration of a CPT to induce an acute pain response in normal 
subjects and also to allow a detectable hemodynamic response to evolve. Moreover, the 2 
minutes post-stimulus immersion in the tepid water was sufficient time for the 
hemodynamic response to get close to a steady state. In retrospect, we realized that we 
could have allowed more time between CPTs to let the hemodynamics return to its initial 
baseline level. However, we tried to keep the duration of the experiment as brief as 
possible to avoid our subjects becoming bored and other potential confounds. 
It is suggested that for a stimulus that lasts for 1 second, the hemodynamic response 
evolves over 10 to 12 seconds with some components having longer recovery time (56). 
For longer events, the hemodynamic response adds up roughly linearly over time (57).
 
The selected search windows for calculating the ΔTHb were determined experimentally 
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using our small sample size. We noticed that some subjects reached their maximum THb 
value as soon as 30 seconds after starting a CPT. Consequently, we chose to extend the 
search window for the maximum THb response to 15 seconds before the termination of 
the CPT and 20 seconds after it in all trials. 
The tonic pain induced by noxious cold water is massively confounded and regulated by 
sympathetic activity. Thus, it is plausible to conclude that the observed hemodynamic 
change in response to CPT is mainly dominated by the sympathetic nervous system in 
terms of global increase in cerebral blood flow as a consequence of the increase in 
cardiac output following painful stimuli. The observed asymmetric change in ΔTHb at 
the intracranial tissues as measured by the „far channels‟ and no laterality in the 
superficial tissues as measured by the „near channels‟ could be indicators of the presence 
of simultaneous activations of the systemic sympathetic system as well as higher cerebral 
regulatory systems. While the results of this study are consistent with the previously 
reported cerebral asymmetry in regulations of the autonomic nervous system (58), further 
investigations are required prior to making any conclusion on the hemisphere specificity 
in response to a CPT. 
Our experimental results did not provide any strong evidence to link the observed 
lateralized activation in the prefrontal region to any specific pain-induced cortical 
activity; partly due to the type of the stimulus applied and limited data analyses 
techniques used. However, a near infrared spectroscopy study suggests that a stress-
inducing mental task induces asymmetrical activities in the prefrontal cortex (58). Thus, 
the lateralized activation in the prefrontal region could be related in part to the stress 
induced by a CPT or may reflect a general arousal due to a cold water stimulus. 
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Repeated CPTs have been previously used to investigate cardiovascular habituation and 
to activate endogenous analgesic systems (59, 60). In the present study, three trials of 
CPT were performed to test the reliability of our measurements as well as to study the 
adaptation in our sample regarding subjective pain scores and the objective hemodynamic 
measurements. We observed that THb
 
 responses had significantly different values in the 
second and third CPT trials as compared to the first CPT trial in all channels with large 
effect sizes (d > 0.886). However, no significant difference was found between the 
THb
 
 in the second and third CPT trials, except for one channel (the „near channel‟ on the 
left side of the forehead). This observation suggests that the hemodynamic activity adapts 
to repeated trials of CPT. Furthermore, the median of pain rating scores, which is a 
subjective measure, also decreased across the CPT trials as a manifestation of the 
subjects‟ adaptation to the pain. The correlation analysis showed a moderate to large 
effect size corresponding to a strong association between the ΔTHb and pain rating scores 
within subjects. However, a future study that benefits from a significantly larger sample 
size needs to be conducted to further validate this association. Since self-reporting is very 
subjective in nature, an absolute correlation between fNIRS parameters and self-reported 
pain scores is not expected. We suggest that a combination of our measurement and 
patients‟ self-report provides better information to the clinicians. In particular, our 
method is most useful when in various conditions subjects cannot provide reliable self-
report, such as the elderly with dementia and impaired cognition, very young children, or 
critically ill patients (4). We hope that our objective measurement provides 
complimentary information to the self-report for the clinicians. 
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Undoubtedly, there is a critical need for a reproducible, brief and simple measurement 
that can correlate subjective pain experience to objective and quantitative parameters for 
both clinical and research purposes. Reliable biomarkers of pain can help in evidence-
based, personalized management of pain. In the present research, we showed that the 
evoked hemodynamic response to noxious cold water stimuli can be measured using a 
non-invasive, portable device. Further refinement of the utilized method in this study may 
enable the measurement of the hemodynamic response at the cortex and the extracranial 
tissues. These refinements include incorporating advanced signal processing techniques 
and using other noxious stimuli that would evoke a less generalized systemic response 
such as hot plates and pressure algometry. Then, fNIRS can be used as a powerful 
clinical technique to assist clinicians in the assessment of pain with or without subjective 
self-reports.  
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CHAPTER 3: FUNCTIONAL DATA ANALYSIS VIEW OF FNIRS DATA 
The content of this chapter is a submitted manuscript to the Journal of Biomedical Optics. 
 
 
 
 
3.1. Abstract 
Functional near infrared spectroscopy (fNIRS) is a powerful tool for the study of 
oxygenation and hemodynamics of living tissues. Despite continuous nature of the 
processes generating the data, analysis of fNIRS data have been limited to discrete-time 
methods. We propose a novel technique, namely functional data analysis (fDA), that 
converts discrete samples to continuous curves. We used fNIRS data collected on 
forehead during a cold pressor test (CPT) from 20 healthy subjects. Using functional 
principal component analysis, oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb) 
curves were decomposed into several components based on variability across the 
subjects. Each component corresponded to an experimental condition and provided 
qualitative and quantitative information of the shape and weight of that component. 
Furthermore, we applied functional canonical correlation analysis to investigate the 
interaction between Hb and HbO2 curves. We showed that variation of Hb and HbO2 
was positively correlated during the CPT with a „far‟ channel on right forehead showing a 
smaller and faster HbO2 variation than Hb. This research suggests the fDA platform for 
the analysis of fNIRS data which solves problem of high dimensionality, enables study of 
response dynamics, enhances characterization of the evoked response, and may improve 
design of future fNIRS experiments. 
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Keywords: functional canonical correlation, cold pressor test, functional data analysis, 
hemodynamics, multi-distance probe, near-infrared spectroscopy, pain, functional 
principal component analysis. 
3.2. Introduction 
Functional near infrared spectroscopy (fNIRS) (61-63) is a promising imaging 
technology for noninvasive, continuous monitoring of regional blood flow and tissue 
oxygen consumption. It utilizes low intensity light at the near infrared spectrum (between 
600 nm to 900 nm), within which the optical absorbance of living tissues is small and 
hence, light can penetrate up to a few centimeters into the tissue. The two forms of the 
oxygen-carrying molecule of the blood - denoted as oxyhemoglobin (HbO2) (when 
oxygen is bound) and deoxyhemoglobin (Hb) (when oxygen is delivered) - have distinct 
spectroscopic characteristic within the near infrared (NIR) spectrum. Changes in optical 
absorption parameters are measured at two different wavelengths within the NIR 
spectrum and then, are converted to changes in Hb and HbO2 concentrations using the 
Beer-Lambert law.  
The depth of NIR light penetration is proportional to the distance between the light 
source and the photodetector (64). With multiple source-detector separations (S-D), 
fNIRS enables concurrent monitoring of oxygenation changes at superficial and deep 
tissues across different body parts, such as hands, feet, and head. In a head fNIRS 
measurement with a typical S-D of 3 cm, NIR light penetrates sufficiently to reach the 
uttermost layer of the brain - the cortex. fNIRS is increasingly being used for detecting 
task-related oxygen consumption changes in the cortex. Mainly because of the portability 
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and low cost of the measurements, fNIRS has become considerably popular for research 
in neuroscience, sports medicine, psychology, psychiatry, and rehabilitation. Over the 
past two decades, it has been applied to several clinical conditions too, such as 
schizophrenia (65-72), Alzheimer‟s disease (73, 74), epilepsy (75-78), and neonatal 
intensive care (79-87). 
The measured hemodynamic response by fNIRS is a realization of a naturally continuous 
physiological phenomenon. Typical fNIRS data consists of a set of discrete time points 
sampled every fraction of a second. In the presence of observational noise, the measured 
hemodynamic time series are often not smooth and fluctuating but one can assume that 
the true underlying trajectory is a smooth function. Moreover, due to the slow nature of 
the hemodynamic response and given the typical sampling rate of an fNIRS device, it is 
likely that the adjacent samples are correlated to some extent. It is, therefore, desirable to 
view an individual‟s repeated measures over a time interval as a continuous function or 
curve.  
Traditionally, fNIRS studies involve linear regression and analysis of variance on 
features extracted from the recovered hemodynamic response. The time series of the 
evoked hemodynamic response can be directly estimated by linear deconvolution of the 
measured hemodynamic changes and the experimental timing function (a boxcar function 
that determines the timing of the experimental paradigm). An accurate estimate of the 
evoked response, however, requires a precise choice of the timing function (88). Another 
approach for describing the waveform of the evoked hemodynamic response, which is 
adapted from fMRI analysis, assumes a temporal shape for the so-called „hemodynamic 
response function‟ (HRF) (89). Given this a priori assumption, it models the HRF using a 
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set of basis functions (such as Gamma or Gaussian functions) (90). This technique has 
the advantage of reducing the number of unknowns by returning a smooth function with 
definite parameters. However, results may be biased by the choice of the canonical basis 
functions. The estimated evoked hemodynamic responses are averaged to enhance signal-
to-noise ratio, provided the inter stimulus intervals (ISI) are sufficiently large to avoid 
overlap of HRFs (88). 
Analysis of fNIRS data has primarily been limited to discrete-time methods. Functional 
data analysis (fDA) (91) is an alternative technique developed for handling large number 
of data sampled over a continuum which is often time. In a functional domain, we study 
functional objects rather than sample points; therefore, the vector observations X1, …, Xn, 
where n is the number of observations, are replaced by functions x1(t),…xn(t). The 
philosophy behind fDA is “to think of observed data functions as single entities, rather 
than merely as a sequence of individual observations” (91). Discrete observations can be 
converted to continuous functions using a linear combination of basis functions. The 
advantages of using such representation is twofold: 1) it provides a computational 
platform that allows storing and analyzing large amount of data with improved 
computational efficiency and flexibility as computational challenges arise due to huge 
number of measurements on each of small number of subjects, known as large p small n 
problem (see Ref. (92)); 2) smooth functions allow study of the dynamics of the 
underlying processes through their derivatives. 
fDA has been applied to neuroimaging studies (93). Viviani et al. first proposed an fDA 
approach for exploratory analysis of fMRI images for a single subject case (94). They 
showed that compared to ordinary principal component analysis (PCA), the functional 
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version of PCA could better visualize the variability of the data introduced by 
experimental alternations as it takes advantage of smooth functions. Later, Long et al. 
followed an fDA approach for dimension reduction of fMRI data for the estimation of 
noise covariance kernel (95). 
Our primary aim in this research was to introduce fDA methodology for exploratory 
analysis of fNIRS data to obtain a better insight into the physiological response. Given a 
set of Hb and HbO2 functions collected from a number of individuals, we wish to 
characterize main directions of variability and investigate shared features by the two 
functions. We specifically would like to explore: 1) temporal variability within 
observations; 2) linear relationship and temporal association between Hb and HbO2 time 
series. We employed two novel functional techniques: functional principal component 
analysis (fPCA) and functional canonical correlation analysis (fCCA) (91).  
fPCA explores the variability between a set of observations. In a functional sense, it 
reveals when in a time-series the maximum variation between several observations occur. 
fPCA works without a priori knowledge of the experimental setting or any specific 
assumptions on the data. In other word, fPCA provides an initial assessment and helps 
understand variation and population structure in high dimensional data (94). We 
hypothesized that fPCA can discriminate events in a set of fNIRS data during a functional 
task. 
fCCA examines the modes of variation that two sets of functions share. With this method, 
we would like to investigate the interaction between Hb and HbO2 time series and 
discover how these two functions covary over time. In other words, we want to know, 
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during the course of an experiment, how variability in Hb data is related to the variability 
in HbO2 data and what types of and how much variation they share. 
In this study, we use Hb and HbO2 parameters measured during a painful task, namely 
cold pressor test (CPT). A CPT is performed by immersing a limb into a cold water 
(usually freezing water) container for a specific period of time. Three trials of a CPT 
were used to study the effect of repeated sustained noxious stimuli on the hemodynamics 
and the results are published elsewhere (96).  
The rest of the paper is organized as follows: in the Materials and Methods, we will 
briefly describe the protocol and measurements and will present a description of the fDA 
framework; in the Results, we will illustrate the application of fPCA and fCCA on fNIRS 
data collected during a CPT; lastly, in the Discussion, we will review and discuss the 
results. 
3.3. Materials and Methods 
3.3.1. Participants 
Twenty healthy, right-handed individuals from the Drexel University community 
participated in this study after giving the informed consent form approved by the 
Institutional Review Board (IRB). We instructed subjects to avoid smoking and drinking 
any caffeinated or alcoholic beverages for at least 3 hours prior to the experiment. 
3.3.2. Protocol 
Subjects performed three successive trials of a CPT. Only data from the first CPT was 
used for the present study. The experiment block consisted of four conditions: 1) a 30 s 
baseline when the subject relaxed; 2) a 2 min immersion of the right hand up to the wrist 
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into a bucket of circulating tepid water (~23
o
C) for adaptation; 3) a 45 s immersion of the 
same hand into a bucket of circulating ice water (~0
o
C); and 4) a 2 min post-stimulus 
hand immersion in the tepid water for the hemodynamic recovery. 
3.3.3. Measurements 
We used a continuous wave fNIRS system designed and developed at Drexel University. 
The principle and instrumentation of fNIRS are described elsewhere (96). The fNIRS 
sensors consisted of one light source with two LEDs at 730 nm and 850 nm wavelengths 
and three photodetectors. Two detectors were placed at 2.8 cm from the LED making the 
„far‟ channels to investigate the hemodynamic response at intracranial layers and one 
detector was located at 1 cm from the LED making the „near‟ channel to measure the 
hemodynamic changes within the superficial extracranial tissues. Two fNIRS sensors 
with the same configuration were positioned symmetrically on the left and right sides of a 
subject‟s forehead proximate to the anterior median line and were secured using a 
medical band aid and a Velcro strap. The sampling rate of raw optical intensity 
measurements was 2Hz. The optical density parameters for 730 nm and 850 nm 
wavelengths were calculated by taking the logarithm of the ratio of the detected light 
intensity during baseline to the detected light intensity during the task. The optical 
density time series were converted to changes in oxyhemoglobin (HbO2) and 
deoxyhemoglobin (Hb) concentrations using the modified Beer-Lambert law (97). 
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3.3.4. Functional Data Analysis 
3.3.4.1. Building continuous, smooth curves from discrete data 
Modern signal or image acquisition machines sample data points from a smooth, 
continuous process subject to observational noise. This can be expressed as: 
y
j
    x(tj)  + ej 
where y is the observed data, x is the assumed noise-free latent data at time t, and e is the 
observational error that explains the roughness of the observed data. 
Prior to any functional analysis, the discrete data need to be converted to a continuous 
functional object. Then, a flexible method that gives control over the level of smoothing 
can be applied. Spline smoothing is the most popular and powerful approach with well-
defined properties (98-100). Spline smoothing or regularization approach controls the 
degree of smoothness by a single parameter that penalizes the function‟s roughness. This 
parameter, denoted as the smoothing parameter ( ), compromises between the goodness 
of fit and the smoothness. To formulate this method, we first need to define „goodness of 
fit‟ and „roughness‟ criteria. 
The „goodness of fit‟ is measured by the least squares criterion: 
SSE   ∑|y
j
 - x(tj)|
2
j
 
where x is the fitted data and y is the observed data. 
„Roughness‟ of a function can be quantified by the total curvature criterion: 
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PEN2   ∫|D
2x(t)|
2
dt 
where D
2
 denotes the second derivative operator. A smaller PEN2 implies a less variable 
function, whereas a larger PEN2 indicates a rougher curve. The roughness criterion can 
be generalized to any arbitrary order of a function‟s derivative. 
A penalized residual sum of squares is formed by putting the two opposing criteria SSE 
and PEN2 together: 
PENSSE    SSE +   * PEN2 
where   is the smoothing parameter that controls the weight of data fit and smoothness. 
As mentioned earlier, the smoothing parameter ( ) controls the trade-off between the 
closeness to the observed values and the smoothness. The amount of imposed 
smoothness, however, cannot be arbitrary. If   is close to zero, we obtain an estimate 
close to the data and if   is too large, we obtain an estimate equivalent to the linear 
regression estimate of the data and consequently, the details of the signal of interest may 
be diminished. Therefore, it is important to select a reasonably good smoothing 
parameter. 
An appropriate smoothing parameter may be chosen subjectively by visual judgment and 
prior knowledge of the process generating the data. An objective, data-driven method is 
also developed using the generalized cross-validation (GCV) measure (101): 
GCV( )   (
n
n - df( )
)  (
SSE
n - df( )
) 
47 
 
where n is the number of observations, SSE is the mean square error and df( ) is the trace 
of the smoothing matrix (53). The optimum   minimizes GCV( ) function plotted against 
log10  . GCV is the most popular procedures for selecting an optimal value for the 
smoothing parameter. However, like other cross validation methods, GCV tends to under-
smooth the data. 
3.3.4.2. Functional Principal Components Analysis 
Principal component analysis explores main modes of variation in high dimensional data 
on a set of orthogonal, linearly uncorrelated directions. The functional counterpart of 
PCA (fPCA) visualizes variability among a set of functional observations, which 
theoretically have infinite number of data values. fPCA returns a set of orthogonal weight 
functions or principal components (PCs) spanning the same range as the functional data. 
Each PC accounts for a percentage of the total variability in data. Depending on how 
much variability one would like to explain, the first few PCs are retained to estimate the 
data. 
3.3.4.3. fPCA algorithm 
Like ordinary PCA, functions are first centered, i.e. the mean across all observations is 
removed from each observation, to avoid the first PC to mostly reflect the average 
response. Basically, fPCA of n observations xi, i   1,…,n finds the PC weight function ξ 
for which the PC score defined as: 
 
i
   ∫ ξ(t) xi(t) dt 
maximizes ∑ i
2 constrained to: 
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∫ ξ
2(t) dt   ‖ξ‖2   1. 
After computing the first PC weight function ξ1 and the first PC score µ1, second PC 
weight function ξ2 and the second PC score µ2 are calculated with an additional 
constraint: 
∫ ξ
2
(t)ξ
1
(t) dt   0 
which requires the new PC weight function to be orthogonal to that computed on the 
previous step. This constraint requires the new PCs to reflect new directions of 
variability. After each step, the amount of explained variability decreases. A sequence of 
descending PC scores and the corresponding weight functions are computed stepwise. By 
definition, µj and ξj are referred to as the eigenvalues and eigenfunctions. 
To compute the functional PCs, one can formulate the fPCA as the eigenanalysis of the 
bivariate covariance function: 
v(s,t)   
 
 
∑ xi(s)xi(t)
n
i . 
The functional eigenequation is then expressed as: 
∫ v(s,t)ξ
j
 (t) dt    
j
ξ
j
 (s) 
where µj is the j-th eigenvalue and ξj(s) is the j-th eigenfunction of the covariance 
function. Computer software is developed to solve the above eigenequation for pairs of ξ 
and µ. 
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Only the first few PCs are considered for further analysis and the remaining PCs are 
regarded as either irrelevant or are assumed to reflect observational error or noise. In this 
case, the problem is to figure out how many components are to be considered. A solution 
is to plot the base 10 logarithm of eigenvalues according to their size (against their 
indices j) and to identify the so-called “elbow” point at which the slope of the graph 
changes from “steep" to “flat". Then, the researcher may decide to retain only the 
components before the elbow. This method is called the scree or elbow test and is yet 
considered subjective. A traditional approach includes the components with eigenvalues 
greater than average. Another method is to include as many as components that account 
for a specific cumulative percentage of total variability. 
3.3.4.4. Functional Canonical Correlation Analysis 
Functional canonical correlation analysis (fCCA) is an exploratory technique that 
examines modes of variation that pairs of functions share (102). By fCCA, we would like 
to explore how variability in Hb and HbO2 data are interrelated. Given n pairs of 
observations (xi(t),yi(t)), i   1, …, n, fCCA estimates pairs of functions (ξj(t),𝜂j(t)) that 
most explain the interaction between x and y.   
As in fPCA, data are first centered to focus on the analysis of variation from the mean 
(102). ξ and 𝜂 are termed canonical weight functions and are estimated such that the 
correlation between the following integrals is maximized: 
 
ξ 
  ∫ ξ(t) xi(t) dt and      ∫  (t) yi(t) dt for i   1, …, n. 
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) are called canonical variates and are calculated by maximizing the squared 
canonical correlation defined as: 
R2(ξ, )   
*∑  
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+
2
*∑  
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i + *∑    
 
i +
 
Similar to fPCA, one can obtain a non-increasing series of squared canonical correlations 
by imposing the condition that successive canonical weight functions to be orthogonal 
(53). 
However, imposing a strong roughness penalty on the computed weight functions ξ and 𝜂 
is a rule to obtain meaningful results. A cross-validation criterion for objective 
calculation of the roughness penalty is described by Leurgans et al. as follows (102): 
The roughness penalty for the smoothed weight functions is obtained by finding a value 
for the smoothing parameter ( ) that maximizes the squared correlation of n pairs of 
scores (∫ ξ 
(-i)
(t)xi(t)dt , ∫   
(-i)
(t)y
i
(t)dt), where ξ
 
(-i)
 and  
 
(-i)
 are the smoothed canonical 
weight functions with the i-th curve omitted.  
3.4. Results 
3.4.1. fNIR Data Pre-processing 
Raw optical intensity data for 730 nm and 850 nm wavelengths were first filtered using a 
finite impulse response low pass filter with a cut-off frequency of 0.14 Hz to remove high 
frequency noise, respiration and heart pulsation artifacts. The filtered raw data were 
converted to changes in Hb and HbO2 concentrations relative to the mean value of the 
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optical intensity during the first 20 s of the baseline. Hb and HbO2 data were registered 
in reference to the time when the hand was immersed in the ice water. 
All functional data analyses were conducted in MATLAB (R2011a, MathWorks, 
Natwick, MA) using the fDA package for MATLAB (53). Hb and HbO2 were smoothed 
by imposing a penalty on the roughness of the second derivative of the data with a   of 
10
4
. The smoothing parameter   was chosen empirically since the GCV plot resembled a 
sigmoid function which was not informative. Figures 11 and 12 show the non-smooth and 
smooth Hb and HbO2 data for two „far‟ channels located on the right and left sides of 
forehead, respectively. 
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Figure 11. Non-smooth and smooth b and bO2 data for 20 subjects for a ‘far’ channel located on 
right forehead: a) non-smooth HbO2; b) smooth HbO2; c) non-smooth Hb; d) smooth Hb. The 
smoothing parameter was 104. The black dashed line represents the mean response across 20 
subjects. The three vertical black lines from left to right indicate the hand immersion incidents in 
tepid water (pre-stimulus), cold water (stimulus), and tepid water (post-stimulus). 
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Figure 12. Non-smooth and smooth b and bO2 data for 20 subjects for a ‘far’ channel located on 
left forehead: a) non-smooth HbO2; b) smooth HbO2; c) non-smooth Hb; d) smooth Hb. The 
smoothing parameter was 104. The black dashed line represents the mean response across 20 
subjects. The three vertical black lines from left to right indicate the hand immersion incidents in 
tepid water (pre-stimulus), cold water (stimulus), and tepid water (post-stimulus). 
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3.4.2. Results of fPCA 
The overall mean function of Hb and HbO2 across all subjects was first subtracted from 
each observation before performing the fPCA. Results of fPCA of Hb and HbO2 data 
were obtained separately for the six channels. No significant variation between channels 
was observed in the calculated PCs. Thus, in favor of saving space, we show and discuss 
the figures for two left and right „far‟ channels shown in Figures 11 and 12. However, 
overall results for other channels will be discussed in the discussion section.  
We estimated the number of components based on the total explained variance. We 
desired to account for 95% of total variability; therefore, the first four PCs were 
considered.  
The four considered PC weight functions of HbO2 are presented in Figures 13a and 13b 
for the right and left „far‟ channels, respectively. The first PC always has the highest PC 
score and accounts for the highest variability; the remaining PCs are associated to 
descending PC scores and account for less amount of total variability.  
A visualization technique that may simplify interpretation of fPCA results is to plot the 
PCs as perturbations of the mean function (91). In doing so, a multiple of each PC is 
added and subtracted to the mean function. By definition, this factor is 0.2 times the root 
mean square of the difference between the PC and its overall average (91). Results for 
PCs perturbations of HbO2 are shown in Figures 13c and 13d for the right and left „far‟ 
channels, respectively.  
PC1 is mostly associated with amplitude variation, particularly during the stimulus and 
post-stimulus conditions. PC2 accounts for a considerably smaller percentage of total 
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variability and corresponds to amplitude variation mostly during pre-stimulus condition. 
PC3 and PC4 account for a very small percent of total variability and reflect some small 
variations during the pre-stimulus and the last minute of post-stimulus conditions. 
Figure 14 shows the same information as Figure 13 for Hb data. One may identify some 
similarities between the PCs calculated for Hb and HbO2 data. For both right and left 
channels, PC1 is associated with an overall amplitude variation after the baseline. PC2 
and PC3 explain amplitude variation during the pre-stimulus and post-stimulus and a 
phase shift in early post-stimulus condition. PC4 corresponds to some already identified 
variations mostly during pre-stimulus condition. 
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Figure 13. The first four principal components (PC) of HbO2 (a-b) and the corresponding mean 
function perturbations (c-d) for a right (a-c) and a left (b-d) ‘far’ channel. In (a) and (b), blue, green, 
red, and cyan curves correspond to PC1, PC2, PC3, and PC4, respectively. In (c) and (d), the blue 
curve represents the mean function and the red and green curves are the effects of subtracting and 
adding a multiple of the mean function (see Section 2 in Results). The three vertical black lines from 
left to right indicate the hand immersion incidents in tepid water (pre-stimulus), cold water 
(stimulus), and tepid water (post-stimulus). 
 
 
 
 
 
57 
 
 
Figure 14. The first four principal components (PC) of Hb (a-b) and the corresponding mean 
function perturbations (c-d) for a right (a-c) and a left (b-d) ‘far’ channel. In (a) and (b), blue, green, 
red, and cyan curves correspond to PC1, PC2, PC3, and PC4, respectively. In (c) and (d), the blue 
curve represents the mean function and the red and green curves are the effects of subtracting and 
adding a multiple of the mean function (see Section 2 in Results). The three vertical black lines from 
left to right indicate the hand immersion incidents in tepid water (pre-stimulus), cold water 
(stimulus), and tepid water (post-stimulus). 
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3.4.3. Rotating PCs 
As we saw in the previous section, each considered PCs did not give substantive 
localized information of the variability; that is several PCs may explain variation during 
an experimental condition or a single PC may correspond to variation during several 
conditions. Thus, the interpretation of PCs is not straightforward. 
Although, the original PC weight functions are computed to be optimal, it does not mean 
that there are no other alternatives that can do just well. One solution is to rotate the 
original PC weight functions by a rotation matrix. Varimax is the most popular rotation 
method for both multivariate and functional analyses (91). The rotated PC weight 
functions by varimax remain orthogonal as the original PCs but they are not necessarily 
uncorrelated. Moreover, the rotated PC weight functions are not associated to descending 
PC scores, unlike the original PCs. However, the cumulative variability explained by the 
rotated PCs is the same as before the rotation.  
A varimax approach finds an orthogonal rotation matrix (T) to transform the PC weight 
functions: 
A = T.B 
where B is a matrix containing the considered PC weight functions. A varimax solution is 
obtained by maximizing the variance of the vector of amj
2 ; where amj are the elements of 
A. This is only achievable when the amj are relatively large or relatively small. As such, 
the rotated weight functions have maximized variance due to few large elements and 
many minuscule elements. Consequently, each PC is associated with one or a small 
number of modes of variation, which considerably enhances interpretability. 
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Results of the varimax rotation of HbO2 and Hb data are shown in Figures 13 and 14, 
respectively. The weight functions rotated by the VARIMAX rotation still account for the 
same cumulative percentage of total variability but in different proportions. 
Each rotated PC weight function (Figures 15a-b and 16a-b) shows variation during a brief 
time window compared with unrotated PC weight functions (Figures 13a-b and 14a-b) 
that described variation over a long time span. This effect of rotation is more evident in 
the mean function perturbations (Figures 15c-d and 16c-d).  
For HbO2 data (Figure 15), the two most important PCs that account for the largest 
percentage of total variability identify the evoked response during the stimulus condition 
and the recovery during post-stimulus condition. The PC weight function associated to 
the stimulus condition identifies slope and amplitude variation of the evoked response 
and a temporal shift in the peak of response across the 20 subjects. The PC weight 
function associated to the post-stimulus condition corresponds to amplitude and timing 
variation of the hemodynamic recovery curve. The two least important PCs are associated 
to variations in the pre-stimulus and end of the post-stimulus conditions.  
For Hb data (Figure 16), the largest variability is observed during the post-stimulus 
condition by PC2 and PC3 for both channels; one associated to variation in the 
hemodynamic settlement at the end of the post-stimulus and the other one associated to 
variation of peak of the evoked response occurred with a delay after removal of the 
stimulus. The two least important PCs identified variation during the stimulus and pre-
stimulus conditions. 
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Figure 15. The first four rotated principal components (PC) of HbO2 (a-b) and the corresponding 
mean function perturbations (c-d) for a right (a-c) and a left (b-d) ‘far’ channel. In (a) and (b), blue, 
green, red, and cyan curves correspond to PC1, PC2, PC3, and PC4, respectively. In (c) and (d), the 
blue curve represents the mean function and the red and green curves are the effects of subtracting 
and adding a multiple of the mean function (see Section 2 in Results). The three vertical black lines 
from left to right indicate the hand immersion incidents in tepid water (pre-stimulus), cold water 
(stimulus), and tepid water (post-stimulus). 
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Figure 16. The first four rotated principal components (PC) of Hb (a-b) and the corresponding mean 
function perturbations (c-d) for a right (a-c) and a left (b-d) ‘far’ channel. In (a) and (b), blue, green, 
red, and cyan curves correspond to PC1, PC2, PC3, and PC4, respectively. In (c) and (d), the blue 
curve represents the mean function and the red and green curves are the effects of subtracting and 
adding a multiple of the mean function (see Section 2 in Results). The three vertical black lines from 
left to right indicate the hand immersion incidents in tepid water (pre-stimulus), cold water 
(stimulus), and tepid water (post-stimulus). 
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3.4.4. Results of fCCA 
fCCA was applied to Hb and HbO2 curves to explore their interaction and shared 
variation. 
We used the cross-validation criterion proposed by Leurgans et al. to find the optimum 
value of the smoothing parameter ( ) for the canonical weight functions (102). Based on 
the cross-validation results and visual inspection of plotted canonical weight functions, a 
lambda of 10
7
 for „far‟ channels and a lambda of 108 for „near‟ channels was selected. 
We present and discuss the first canonical weight functions, a.k.a. the leading weight 
functions, for two „far‟ channels and two „near‟ channels on the right and left sides of 
forehead (Figure 17). Results for the other „far‟ channels were similar to the presented 
„far‟ channels.  
Figure 17 shows that variation from the norm for Hb and HbO2 is positively correlated 
throughout the experiment for all channels. For the right „far‟ channel, however, the 
dominant mode of covariation exists in the peak and timing of Hb and HbO2 changes, 
with HbO2 variation being smaller and much faster than Hb response. 
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Figure 17. Canonical correlation analysis of b (blue) and bO2 (red) data for a pair of ‘far’ 
channels (a – right, b – left) and the pair of ‘near’ channels (c – right, d – left). The three vertical 
black lines from left to right indicate the hand immersion incidents in tepid water (pre-stimulus), 
cold water (stimulus), and tepid water (post-stimulus). 
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3.5. Discussion 
Functional data analysis (fDA) characterizes the main features shared by a set of 
observations from a number of individuals. In this research, we proposed the fDA as a 
novel tool for the analysis of fNIRS data.  
We showed that fPCA is capable of decomposing the Hb and HbO2 time-series collected 
from a number of individuals during a CPT task into experimental conditions. 
Multivariate PCA has been previously used to identify the systemic interference and 
remove it from fNIRS measurements. Zhang et al. used spatial eigenvector-based 
analysis of baseline activity in diffuse optical imaging (103). They used dozens of 
optodes over a large area of the cortex and showed that baseline information can be used 
to estimate global physiological interference during a finger tapping task and a tactile 
stimulus. Virtanen et al. compared PCA and ICA (independent component analysis) 
performance in removing superficial physiological interference during hypo-capnia and 
hyper-capnia maneuvers (104). Instead of using a fine grid of source-detector pairs, they 
used two channels with short (1cm) and far (3cm) source-detector distances and showed 
that both PCA and ICA are capable of effectively removing the physiological activity 
from the fNIRS measurements.  
fPCA is, too, an exploratory tool to capture the principal directions of variation in the 
population and dimension reduction. The fundamental assumption is that the true 
underlying process generating the data is, in essence, a continuous phenomenon which is 
measured with observational noise. As such, fPCA is performed on a space of curves 
collected over a continuum - which could be either time or space. fPCA characterizes the 
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geometry of curves as a set of principal directions of variation that aid a more straight 
feature selection. 
Our study provides a good understanding of the variation in the population structure of 
Hb and Hbo2 at different conditions of a CPT. Our observations are summarized as 
follows: 
 The initial 30 s baseline condition was not identified by fPCA, probably because the 
baseline hemodynamic activity is assumed to be fairly robust with no significant 
variation between healthy individuals. Generally, inter-subject variability in fNIRS 
measurements is explained by individuals‟ differences in anatomical factors such as 
skull and cerebrospinal fluid (CSF) structure, the distribution of vessels, and the ratio 
of arteries and veins. These factors did not cause a variable baseline hemodynamics in 
our small sample and hence, it could not be identified by fPCA. However, 
individuals‟ responses to a noxious stimulus and the following recovery are highly 
subjective and variable. We observed that the hemodynamic response at the stimulus 
and post-stimulus conditions was highly variable between subjects and the highest 
variability was seen in the HbO2 data.  
 The variation in the pre-stimulus condition accounted for a small percentage of total 
variability (less than 16% for HbO2 and 16% on average across all channels for Hb). 
It yet suggests that a hand immersion in the tepid water evokes a variable response 
that is detectable by fPCA.  
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 The variability in the stimulus condition for HbO2 was revealed in the slope, 
amplitude and timing of the peak of the response. The temporal shift was observed in 
the „far‟ channels only. 
 For the post-stimulus condition, an early component corresponding to variation in the 
hemodynamic recovery and a late component corresponding to the hemodynamic 
settlement were identified: 
o The early component was the most important component for HbO2 data and 
showed variation in the amplitude and timing of the peak of response. No slope 
variation was found during the post-stimulus condition. This component was more 
important in the right channels than left channels. For Hb, this component was 
associated to variation in the amplitude of response which peaked a few seconds 
after the removal of the stimulus. This component was more important in the left 
„far‟ channels than the right „far‟ channels and the „near‟ channels for Hb data.  
o The late post-stimulus component was more important in Hb data than HbO2 data. 
It accounted for most of the variation in the „near‟ channels and a large portion of 
variation in „far‟ channels for Hb. 
fPCA is a pure exploratory tool that requires no prior information of the experiment and 
makes no assumptions on the form of curves. It can be helpful when timing of an evoked 
response relative to a stimulus is unknown or uncertain, such as in decision making or 
emotional reaction experiments (93). We showed that fPCA successfully identified 
experimental conditions during a CPT across 20 subjects. For the post-stimulus 
condition, for example, fPCA identified two components in Hb and HbO2: an early 
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component associated to variation in the hemodynamic recovery and a late component 
associated to the hemodynamic settlement. This qualitative information could not be 
easily obtained directly from the raw data in Figures 11 and 12.  
fPCA also quantifies the weight of each component as a percentage of total variation. We 
showed that the components and their weight varied between Hb and HbO2 parameters 
and channels. This information may be helpful to decide which parameter and/or 
channels are most associated with the hypothesized effect, in brain mapping studies for 
instance. With the CPT experiment, we previously showed that the amplitude and timing 
of the evoked response of HbO2 was correlated with subjects‟ report of the pain intensity 
(96).  
After exploratory steps, one can extract more pertinent information. For instance, fPCA is 
a good tool for computing proximities between curves in a reduced dimensional space. 
Using such a distance measure, one can investigate whether the curves are similar or can 
be split into several classes. 
In a secondary exploration, we investigated the association between Hb and HbO2 
variability using fCCA. We were interested in the dominant modes of correlation 
between Hb and HbO2. Results demonstrated an overall positive correlation between Hb 
and HbO2 variation through the CPT experiment. However, for a right „far‟ channel, 
there was an evident time shift in the Hb response relative to HbO2. In general, fCCA 
gives a broad view of the interaction between two variables. The identified patterns of 
covariation give important directions for further investigation of interaction between Hb 
and HbO2 in a particular experimental setting. 
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Due to inherent interaction between the autonomic nervous system and central pain 
processing system, researchers try to assess the individuals‟ perception of pain through 
physiological signs. Hemodynamic changes at the skin and major arteries have been 
investigated to study the sympathetic response to a noxious stimulus (14-16). In this 
exploratory study, we attempted to learn what features of response to a cold noxious 
stimulus is most variable among control subjects. Through the results of this research, we 
learned about importance of the dynamics of the evoked response to a CPT as revealed 
by fPCA. In another study, we used this information and considered the derivatives of 
HbO2 curves during a pain tolerance test using CPT. Results confirmed that the 
amplitude and timing of peak of the 1st and 2nd derivative of the HbO2 response right 
after hand immersion in cold water is a very robust feature. In future, we will use this 
knowledge to better understand the physiology of pain through explaining some of the 
observed variations by known factors such as age, gender, or information about whether 
the subjects are high/low tolerance to that specific stimulus. 
The observed modes of variation and covariation patterns can help improve design of 
fNIRS studies for pain research in particular and for other experiments in general. This 
study was preliminary but opens an interesting avenue for future research.  Without a 
good understanding of population structure, it would not be feasible to formulate and 
study physiological phenomena and identifying variability is the first step in this 
direction. 
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CHAPTER 4: HEMODYNAMIC RESPONSE TO COLD TOLERANCE TESTS 
AT DIFFERENT TEMPERATURES 
 
 
 
 
4.1. Introduction 
The fact that pain perception is associated with simultaneous activation of the autonomic 
nervous system (ANS) and the central pain processing in the brain has been often 
disregarded in pain neuroimaging studies. Response to noxious stimuli has been reported 
to be related to increase in cardiovascular parameters such as heart rate and blood 
pressure (6, 59, 105). This effect is more pronounced in painful stimuli that are known to 
evoke a substantial autonomic response. Cold pressor test (CPT) is such a stimulus that 
has been used in many pain studies (106-108). The deep, aching sensation induced by 
prolonged immersion of a limb in cold water is assumed to best mimic the condition of 
chronic pain (109). However, the concomitant effect of ANS and central pain processing 
in response to a cold water challenge has not been studied well.  
Neuroimaging studies of pain using fMRI found significant correlation between 
perceived pain and BOLD signal in several cortical areas including medial prefrontal 
cortex (7). They showed that heart rate as an index of autonomic arousal was correlated 
with only a small fraction of pain coding specific activated pixels.  
Gender differences in the processing, perception, and reaction to pain is well recognized. 
Females are at higher risk of chronic pain associated with following conditions: 
fibromyalgia,  irritable bowel syndrome, rheumatoid arthritis, osteoarthritis, 
temporomandibular joint disorder, chronic pelvic pain and migraine headache (110).  
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Besides psychosocial factors that influence gender differences in pain perception (111), 
animal (112) and human studies (113) suggest that neurophysiological differences may 
contribute to gender-based differences in pain perception and processing.  
This research was designed to investigate sensitivity of healthy individuals to a CPT at 
different temperatures of water. As a secondary goal, we aimed to study the gender 
differences during a sustained noxious stimulus in three aspects: 1) subjective experience 
of pain or pain perception, 2) the autonomic reactivity as a vegetative response to pain, 
and 3) higher level central systems that process pain. The results would be of help in 
determining vulnerable subjects to developing chronic pain. For example, it has been 
shown that sensitivity to cold pain is a risk factor for developing post-operative pain 
(114). Gender-based differences in the autonomic response and central processing of pain 
are also of interest in order to unravel sex-specific biological mechanisms during 
nociception. 
4.2. Methods 
4.2.1. Subjects 
Twenty one right-handed individuals (11 females) were recruited from the Drexel 
University community. Subjects claimed to have no history of neurological or 
psychological disorders. They attended an orientation session in which they received 
detailed information on the experimental paradigm and signed the informed consents 
approved by Drexel University institutional review board. Subjects were instructed to 
refrain from smoking and drinking alcohol at least three hours prior to the experiment.  
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4.2.2. Instrument 
Same instrumentation was used in this research as the repeated trials of a CPT. For 
details, please refer to Chapter 2. fNIRS data were collected continuously from two 
multi-distance probes located on the right and left sides of forehead. For each probe, two 
detectors were placed at 2.8 cm distance from the light source (far channels), and one 
detector was located at 1 cm from the light source (near channel). For the statistical 
analysis, the averaged response of the two far channels on each side was used. 
4.2.3. Protocol 
A tolerance test using cold water at different temperatures was employed to investigate 
individuals‟ pain response to different intensities of a cold stimulus. Four trials of hand 
immersion in cold water at 15C, 10C, 5C, and 1C were used for each subject to generate 
low, moderate and severe pain levels. After a baseline recording for 30 s, subjects were 
asked to immerse their right hand in the tepid water for 2 min for adaptation. Then, the 
experimenter asked them verbally to put the same hand in a constant temperature bath for 
as long as they could tolerate the stimulated pain, but no more than 5 min. During each 
experiment, in addition to subjects‟ pain threshold (when the first pain was felt) and 
tolerance (when the pain intensity became intolerable), numerical pain rating scores on a 
0 to 10 scale, where zero means no pain and ten means an intolerable pain, were recorded 
every 15 s. A block diagram of the protocol is shown in Figure 18. 
73 
 
 
Figure 18. Block diagram of the second protocol 
 
 
 
4.2.4. Features 
Based on previous study of the hemodynamic response to CPT, we found four features of 
deoxy-hemoglobin (Hb) and oxyhemoglobin (HbO2) time-series that best reflect the 
nature of the response: 
1. Delta_Hb defined as the difference between Hb value before the hand immersion 
in cold water and its peak during the hand immersion in cold water or a few 
seconds after it. 
2. Delta_HbO2 defined as the difference between HbO2 value before the hand 
immersion in cold water and its peak during the hand immersion in cold water or 
a few seconds after it. 
3. Maximum velocity of the evoked HbO2 (MV) defined as the peak of the 1st 
derivative of HbO2 occurring a few seconds after hand immersion in cold water. 
4. Maximum acceleration of the evoked HbO2 (MA) defined as the peak of the 2nd 
derivative of HbO2 occurring a few seconds after hand immersion in cold water. 
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4.2.5. Statistical Data Analysis 
For the analysis of hemodynamic parameters collected by fNIRS, we used linear mixed 
effects models (115, 116).  Linear mixed models provide a flexible and powerful 
approach for the analysis of repeated measures. In a linear mixed model approach, the 
dependent variable is modeled as a combination of population characteristics, called fixed 
effects, and subject specific effects, called random effects that are unique to a particular 
individual.  
Fixed effects are in fact regression coefficients that model the relationship between a 
dependent variable and a set of known categorical predictors, called fixed factors, and 
continuous covariates. In linear mixed models, fixed effects are unknown and are 
estimated based on the given observations.  
Random effects are associated with random deviation of individuals‟ trajectory from the 
overall fixed effects. For instance, a random intercept effect describes the deviation from 
the overall fixed intercept for a specific subject and a random slope effect describes the 
deviation from the overall fixed slope for a certain subject. The associated random factors 
with random effects are known variables with levels that are randomly sampled from a 
larger population of levels. It means that not all the possible levels of the random factors 
are studied and eventually, we would like to generalize the research findings to the 
population.  
Repeated measures data involve multiple observations on the same subject across a 
repeated factor which may be time or different experimental conditions. These repeated 
measurements are likely to be correlated and therefore, any model fit requires parameter 
estimation of the covariance structure. Classical repeated measures ANOVA assumes the 
75 
 
sphericity of the covariance matrix. If this assumption is violated, Geisser and 
Greenhouse and Huynh and Feldt have provided adjustments to the test statistics. In 
contrast, linear mixed models allow a wide selection on the form of the variance-
covariance matrix. This option provides efficiency and flexibility compared to classical 
ANOVA.  
Another remarkable advantage of linear mixed models is their capability of handling a 
great deal of missing data. Classical ANOVA excludes entire data for a subject if only 
one observation is missing. Linear mixed models allow the inclusion of subjects with 
missing data if the data are missed at random 
To explain our approach, we use the delta_HbO2 feature. The scatter plot of delta_HbO2 
across temperature for 7 subjects is shown in Figure 19. It is evident that individuals‟ 
regression line (or trajectory) differ in their intercept as well as slope. Therefore, it would 
be desirable to describe the data using a mixed effects model that considers the variable 
intercept and slope.  
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Figure 19. Scatter plot of delta_HbO2 across temperature for 7 subjects. Temperature is considered 
a continuous factor. 
 
 
 
To formulate our linear mixed effects model, we first consider a general specification for 
the t-th observation for the i-th subject: 
                                                                           
                                                   
                                                              
where Channelit is zero or 1 if the observation Yit belongs to the near or far channel, 
respectively; Sideit is zero or 1 if the observation Yit belongs to right or left side of 
forehead, respectively; Genderi is zero or 1 if the observation Yit belongs to a male or 
female subject, respectively.  
In this model subjects have different intercepts and slopes for temperature variable. This 
model is composed of two sets of covariates associated with the population-specific fixed 
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effects β0, …, β7 and the subject-specific random effects u0 and u1.  ti is the random error 
for the i-th subject and t-th observation. The index i takes 1 to 21 (for 21 subjects) and the 
index t indicates the observation index. Ideally, each individual has a sequence of 
measurements occurring at 4 temperatures, 2 sides of forehead, and 2 channels (a total of 
16 observations per subject). However, the number of observations may be different 
between subjects (due to missing data), i.e. observations for the i-th subject include all or 
a subset of the following observations:  
Yi1 : observation for temperature 1C, near channel, right side 
Yi2 : observation for temperature 1C, near channel, left side 
Yi3 : observation for temperature 1C, far channel, right side 
Yi4 : observation for temperature 1C, far channel, left side 
and Yi5 to Yi8 for temperature 5C, Yi9 to Yi12 for temperature 10C, and Yi13 to Yi16 for 
temperature 15C, accordingly. 
In a matrix notation, the linear mixed model can be formulated as follows: 
Yi = Xiβ + Ziui + εi 
where the first part (Xiβ) represents the fixed effects and the second part (Ziui + εi) 
represents the random effects and implies a correlated error structure. This model 
describes the mean response trajectory for the i-th subject. The mean response profile in 
the population is   (  )     . 
The vector of observations Yi is a ni × 1 vector of the dependent variable, where ni is the 
number of observations for the i-th subject: 
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The design matrix Xi has a dimension of ni × 8 for which the first column corresponds for 
the intercept and the other columns contain the known values of the 7 covariates 
(Temperature, Channel, Side, Gender, Channel*Side, Channel*Gender, and 
Channel*Side*Gender) for each of the ni observations on the i-th subject: 
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] 
where T stands for Temperature, C for Channel, S for Side, and G for Gender. 
The design matrix Zi has a dimension of ni × q containing the known values of a subset of 
total covariates that have a random effect on the dependent variable across subjects. For 
our case, we assumed that both the intercept and slope of individual trajectories over the 
repeated measure – i.e. temperature - vary randomly between subjects. Therefore, the Zi 
matrix would have two columns: a column of 1‟s for the random intercept and another 
column for the random slope: 
    [
 
 
 
 
     
   
   
 
    
]. 
The ui vector for i-th subject contains the associated random effects – i.e. random 
intercept and random slope for our case. The random effects are assumed to have a 
normal distribution with a mean of zero and a variance-covariance matrix D: 
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+   (   ). 
Here, D is a 2 × 2 matrix that contains the variance of each random effect of the ui vector 
and the covariance between the two random effects – i.e. intercept and slope: 
   [
   (   )    (       )
   (       )    (   )
]. 
We imposed no constraints on the form of the D matrix. So, the D matrix was an 
unstructured matrix. 
The error term εi is a vector of ni residuals associated with observations. We assume that 
the residuals for the i-th subject have a normal distribution with a mean of zero and a ni × 
ni variance-covariance matrix Ri: 
    [
   
   
 
    
]   (    ). 
We also assume that residuals for different subjects are independent of each other and ε 
and u are mutually independent. In our case, we assumed a diagonal structure for the Ri 
matrix. This structure implies that residuals for observations on the i-th subject are 
uncorrelated and have equal variance. Therefore, Ri matrix can be simply identified by 
the variance of εi: 
Ri = Var(εi)   σ
2
I, 
where I here is a 16 × 16 identity matrix. 
Application of a linear mixed effects model requires the specification of the mean process 
together with a model for the covariance structure of the responses on each subject. To 
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develop an appropriate mixed effects model, we followed an approach similar to 
recommendation of Diggle (117). The first step is selecting an initial set of fixed effects 
in sufficient generality to specify the mean structure. The second step is selecting random 
effects and intr-individual variation to specify a model for the covariance structure. 
Akaike‟s information criterion (AIC) and Bayesian information criterion (BIC) were used 
to compare the models with different covariance structures. 
4.3. Results 
4.3.1. Analysis of maximum reported pain, pain threshold and pain tolerance 
The box plot of pain threshold, pain tolerance, and maximum reported pain score during 
the CPT across four temperatures are shown in Figure 20a-c.  
Pain threshold, pain tolerance, and maximum reported pain score were tested with 
Friedman‟s ANOVA by Ranks. There was a significant difference in the median value of 
the pain threshold, tolerance, and maximum score with respect to temperatures (2 (3) = 
42.43, p-value < 0.001; 2 (3) = 23.73, p-value < 0.001; and 2 (3) = 31.97, p-value < 
0.001, respectively).  
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(a) 
 
(b) 
 
(c) 
Figure 20a-c. Box plots of (a) pain threshold, (b) pain tolerance, and (c) maximum reported pain 
score during the CPT across four temperatures: 1C, 5C, 10C, and 15C for 21 subjects. 
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Post hoc Wilcoxon signed ranks tests adjusted by Bonferroni criterion yielded that: 
1) Pain threshold increased significantly by water temperature, except for 1C to 5C. 
It was revealed that the pain threshold at 1C was significantly lower than the pain 
threshold at 10C and 15C (Z = -3.60, p-value < 0.001 and Z = -4.02, p-value < 
0.001, respectively). Also, the pain threshold at 5C was significantly lower than 
the pain threshold at 10C and 15C (Z = -3.65, p-value < 0.001 and Z = -3.91, p-
value < 0.001). Moreover, the pain threshold at 10C was significantly lower than 
the pain threshold at 15C (Z = -3.01, p-value < 0.01). 
2) Pain tolerance at 1C was significantly lower than tolerance at higher temperatures, 
i.e. 5C, 10C, and 15C (Z = -3.05, p-value < 0.01, Z = -2.95, p-value < 0.01, and Z 
= -3.17, p-value < 0.01, respectively). 
3) Maximum pain score reported during the CPT decreased significantly by increase 
in water temperature. It was revealed that the maximum pain score at 1C was 
significantly higher than the maximum pain score at 5C, 10C, and 15C (Z = -3.48, 
p-value < 0.001, Z = -3.46, p-value < 0.01, and Z = -3.46, p-value < 0.01, 
respectively). Also, maximum pain score at 5C was significantly higher than the 
maximum pain score at 10C and 15C (Z = -2.89, p-value < 0.01 and Z = -3.13, p-
value < 0.01) 
The correlation analysis between the pain tolerance data and objective parameters 
measured by fNIRS was performed for 1C only because the variability of pain tolerance 
data in other temperatures was questionable. We found significant correlation between 
pain tolerance at 1C and delta_Hb in all four channels: the right near channel (R = -0.54, 
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p-value = 0.02), right far channel (R = -0.51, p-value = 0.02), left near channel (R = -
0.55, p-value = 0.02), and left far channel (R = -0.59, p-value = 0.006). 
Furthermore, linear regression analysis yielded that pain tolerance at 1C can be predicted 
by delta_HbO2 at the right near channel, delta_Hb at the left near channel, MV at the 
right near channel, and MV at the right far channel (Table 7). 
 
 
 
Table 7. Regression Coefficients 
Predictors Unstandardized Coefficients Standardized 
Coefficients 
t Sig. 
B Std. Error Beta 
 
(Constant) 107.94 42.24 
 
2.56 .029 
delta_N_L_Hb_0 -62.93 16.06 -.58 -3.92 .003 
delta_N_R_HbO2_0 57.04 23.79 .99 2.40 .037 
mv_N_R_0 -7499.54 1743.22 -1.80 -4.30 .002 
mv_F_R_0 2397.13 909.69 1.02 2.64 .025 
R = 0.89, R
2
 =  0.79 
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4.3.2. Statistical Analysis of Hb and HbO2 
Samples of Hb and HbO2 time series for four different temperatures collected at a far 
channel located on the right side of the forehead are shown in Figure 21. This typical 
subject could complete the CPT at 5C, 10C, and 15C. At 0C, he/she removed his/her 
hand from the cold water before the 5 min cut-off duration. 
 
 
 
 
Figure 21. Sample of Hb and HbO2 time series from a far channel on the right side of forehead 
during a cold pressor test (CPT) for four temperatures. The black vertical lines from left to right 
indicate the baseline recording, hand immersion in the tepid water, hand immersion in cold water, 
and reaching the pain tolerance. 
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We tested four dependent variables: delta_Hb, delta_HbO2, MV, and MA. In summary, 
there was a significant main effect of Channel and Side and a significant interaction 
between Channel and Gender in all the considered features. For the common significant 
interaction, post hoc multiple comparisons yielded that responses at the near and far 
channels were significantly different in males and not in females. Also, a significant 
difference between males and females was revealed at the far channels and not the near 
channels.  
For HbO2 features, i.e. delta_HbO2, MV and MA, a significant interaction between 
Channel and Side was found. Post hoc analyses showed that the right and left responses 
were significantly different for the far channels only and not the near channels. 
Moreover, the near and far channels were significantly different for the right side of 
forehead and not the left side. 
Furthermore, an interesting three-way interaction was found between Channel, Side, and 
Gender in delta_HbO2. Post hoc t-tests yielded that the right and left responses were 
significantly different at the far channels for both males and females, whereas no such 
laterality was observed at the near channels neither for males nor for females. Also, the 
near and far channels were significantly different for the right side for males only. 
Females did not show any significant difference between the near and far channels for 
neither sides of forehead. Males and females responses were significantly different only 
at the right far channel. 
A detailed account of the results is followed. 
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4.3.2.1. Delta_Hb 
The overall trend of delta_Hb change across temperature is shown is Figure 22. The red 
line in the scatter plot depicts the mean trajectory of delta_Hb. The line plot shows the 
mean of response and standard deviation at each temperature. 
 
 
 
 
(a) 
 
(b) 
Figure 22a-b. Scatter plot (a) and line plot (b) of the dependent variable delta_Hb versus 
temperature. 
 
 
 
The dependent variable delta_Hb described by the linear mixed model in (1) yielded a 
significant main effect of temperature, channel, and side (Figure 23), and a significant 
interaction between gender and channel (Figure 24). 
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(a) 
 
(b) 
 
(c) 
Figure 23a-c. Line plots of the dependent variable delta_Hb versus temperature for the fixed factors 
Channel (a), Side (b), and Gender (c). 
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Figure 24. Line plots of the dependent variable delta_Hb versus temperature showing the interaction 
between Channel and Gender 
 
 
 
Table 8. Type III tests of model covariates for the dependent variable delta_Hb 
Source Numerator df Denominator df F Sig. 
Intercept 1 19.176 93.236 .000 
temp 1 17.608 12.661 .002 
chan 1 246.810 18.817 .000 
side 1 244.228 6.620 .011 
gender 1 18.735 1.398 .252 
chan * gender 1 246.964 8.258 .004 
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Delta_Hbit = -1.36 + 3.85E-2*Temperatureit + 1.10E-1*Channelit – 1.88E-1*Sideit – 
4.40E-1*Genderi + 4.31E-1*Channelit*Genderi     (1) 
Post hoc pairwise comparisons on the significant interaction between Gender and 
Channel using paired t-test adjusted by Sidak criterion revealed that: 
- There is no significant difference between males and females responses at near 
channels whereas there is a significant difference between males and females 
responses at far channels (p-value = 0.043). 
- The near and far channels responses were significantly different for males (p-
value < 0.001) but not significantly different for females. 
4.3.2.2. Delta_HbO2 
The overall trend of delta_HbO2 change across temperature is shown is Figure 25. The 
red line in the scatter plot depicts the mean trajectory of delta_HbO2. The line plot shows 
the mean of response and standard deviation at each temperature. 
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  (a) 
 
(b) 
Figure 25a-b. Scatter plot (a) and line plot (b) of the dependent variable delta_HbO2 versus 
temperature. 
 
 
 
The dependent variable delta_HbO2 described by the linear mixed model in (2) yielded a 
significant main effect of temperature, channel, side, and gender (Figure 26), and 
significant interactions between side and channel (Figure 27), gender and channel (Figure 
28), and gender and side and channel (Figure 29). 
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(a) 
 
(b) 
 
(c) 
Figure 26a-c. Line plots of the dependent variable delta_HbO2 versus temperature for the fixed 
factors Channel (a), Side (b), and Gender (c). 
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Figure 27. Line plots of the dependent variable delta_HbO2 versus temperature showing the 
interaction between Channel and Side. 
 
 
 
 
Figure 28. Line plots of the dependent variable delta_HbO2 versus temperature showing the 
interaction between Channel and Gender. 
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Figure 29. Line plots of the dependent variable delta_HbO2 versus temperature showing the three-
way interaction between Channel, Side, and Gender. 
 
 
 
Table 9. Type III tests of model covariates for the dependent variable delta_HbO2 
Source Numerator df Denominator df F Sig. 
Intercept 1 18.558 54.916 .000 
temp 1 19.738 8.005 .010 
chan 1 253.611 16.443 .000 
side 1 253.409 15.164 .000 
gender 1 18.910 4.280 .053 
chan * side 1 255.213 27.548 .000 
chan * gender 1 253.638 8.767 .003 
chan * side * gender 2 254.207 4.441 .013 
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Delta_HbO2it = 3.38 – 1.12E-1*Temperatureit + 2.66E-1*Channelit + 1.30*Sideit + 
1.40*Genderi – 1.01*Channelit*Sideit – 8.40E-3*Channelit*Genderi – 
1.18*Channelit*Sideit*Genderi       (2) 
Post hoc pairwise comparisons on the significant interaction between Channel and Side 
using paired t-test adjusted by Sidak criterion revealed that: 
- There is a significant difference between right and left responses at far channels 
(p-value < 0.001) whereas there is no significant difference between right and left 
responses at near channels.  
- The near and far channels responses were significantly different for the right side 
(p-value < 0.001) but not significantly different for the left side. 
Post hoc pairwise comparisons on the significant interaction between Channel and 
Gender using paired t-test adjusted by Sidak criterion revealed that: 
- There is a significant difference between males and females responses at far 
channels (p-value = 0.009) whereas there is no significant difference between 
males and females at near channels.  
- The near and far channels responses were significantly different for males (p-
value < 0.001) but not significantly different for the females. 
Post hoc pairwise comparisons on the significant interaction between Channel and Side 
and Gender using paired t-test adjusted by Sidak criterion revealed that: 
- There is a significant difference between right and left responses at far channels 
for both males and females (p-value < 0.001 and p-value = 0.001, respectively).  
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- The near and far channels responses were significantly different for the right side 
for males only (p-value < 0.001). 
- Males and females response at far channels were significantly difference for the 
right side only (p-value = 0.001). 
4.3.2.3. Maximum Velocity of the Evoked Response (MV) 
The overall trend of MV change across temperature is shown is Figure 30. The red line in 
the scatter plot depicts the mean trajectory of MV. The line plot shows the mean of 
response and standard deviation at each temperature. 
 
 
 
(a) 
 
(b) 
Figure 30a-b. Scatter plot (a) and line plot (b) of the dependent variable MV versus temperature. 
 
 
The dependent variable MV described by the linear mixed model in (3) yielded a 
significant main effect of temperature, channel, side, and gender (Figure 31), and 
significant interactions between side and channel (Figure 32) and gender and channel 
(Figure 33). 
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(a) 
 
(b) 
 
(c) 
Figure 31a-c. Line plots of the dependent variable MV versus temperature for the fixed factors 
Channel (a), Side (b), and Gender (c). 
 
97 
 
 
Figure 32. Line plots of the dependent variable MV versus temperature showing the interaction 
between Channel and Side. 
 
 
 
 
Figure 33. Line plots of the dependent variable MV versus temperature showing the interaction 
between Channel and Gender. 
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Table 10. Type III tests of model covariates for the dependent variable MV 
Source Numerator df Denominator df F Sig. 
Intercept 1 17.806 83.130 .000 
temp 1 20.239 22.136 .000 
chan 1 255.040 20.301 .000 
side 1 254.365 19.409 .000 
chan * side 1 255.983 15.379 .000 
gender 1 18.633 5.591 .029 
chan * gender 1 255.099 17.357 .000 
 
 
 
MV_HbO2it = 0.04 – 0.002*Temperatureit + 0.01*Channelit + 0.02*Sideit + 0.03*Genderi 
–0.02*Channelit*Sideit – 0.02*Channelit*Genderi     (3) 
Post hoc pairwise comparisons on the significant interaction between Channel and Side 
using paired t-test adjusted by Sidak criterion revealed that: 
- There is a significant difference between right and left responses at the far 
channels only (p-value < 0.001).  
- The near and far channels were significantly different for the right side only (p-
value < 0.001). 
Post hoc pairwise comparisons on the significant interaction between Channel and 
Gender using paired t-test adjusted by Sidak criterion revealed that: 
- There is a significant difference between males and females responses at far 
channels (p-value = 0.002) whereas there is no significant difference between 
males and females at near channels.  
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- The near and far channels were significantly different for males (p-value < 0.001) 
but not significantly different for the females. 
4.3.2.4. Maximum Acceleration of the Evoked Response (MA): 
The overall trend of MA change across temperature is shown is Figure 34. The red line in 
the scatter plot depicts the mean trajectory of MA. The line plot shows the mean of 
response and standard deviation at each temperature. 
 
 
 
 
(a) 
 
(b) 
Figure 34a-b. Scatter plot (a) and line plot (b) of the dependent variable MA versus temperature. 
 
 
 
The dependent variable MA described by the linear mixed model in (4) yielded a 
significant main effect of channel, side, and gender (Figure 35), and significant 
interactions between side and channel (Figure 36) and gender and channel (Figure 37). 
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(a) 
 
(b) 
 
(c) 
Figure 35a-c. Line plots of the dependent variable MA versus temperature for the fixed factors 
Channel (a), Side (b), and Gender (c). 
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Figure 36. Line plots of the dependent variable MA versus temperature showing the interaction 
between Channel and Side. 
 
 
 
 
Figure 37. Line plots of the dependent variable MA versus temperature showing the interaction 
between Channel and Gender. 
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Table 11. Type III tests of model covariates for the dependent variable MA 
Source Numerator df Denominator df F Sig. 
Intercept 1 81.583 89.693 .000 
temp 1 72235.955 2.499 .114 
chan 1 303.900 9.668 .002 
side 1 301.442 12.755 .000 
chan * side 1 303.066 7.682 .006 
gender 1 67.167 23.417 .000 
chan * gender 1 303.951 18.654 .000 
 
 
 
MA_HbO2it = 9.77E-4 – 4.31E-5*Temperatureit + 2.76E-4*Channelit + 4.37E-4*Sideit + 
1.14E-3 *Genderi –3.83E-4*Channelit*Sideit – 6.03E-4*Channelit*Genderi  (4) 
Post hoc pairwise comparisons on the significant interaction between Channel and Side 
using paired t-test adjusted by Sidak criterion revealed that: 
- There is a significant difference between right and left responses at the far 
channels only (p-value < 0.001).  
- The near and far channels were significantly different for the right side only (p-
value < 0.001). 
Post hoc pairwise comparisons on the significant interaction between Channel and 
Gender using paired t-test adjusted by Sidak criterion revealed that: 
- There is a significant difference between males and females responses at far 
channels (p-value = 0.006) and near channels (p-value < 0.001).  
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- The near and far channels were significantly different for males (p-value < 0.001) but 
not significantly different for the females. 
4.4. Discussion 
Pioneering work on using CPT for pain study by Wolf and Hardy suggested that pain 
threshold to cold water is at 18C (27). Any decrease in water temperature is reported to 
be proportional to increase in pain score. The cold water temperatures in this research 
were chosen accordingly to evoke different levels of pain.  
In the present study, we investigated nociceptive response and cardiovascular reactivity 
recorded by far and near channels. We observed bilateral activation in far and near 
channels with very similar trend of change through the time course of the experiment. 
While no significant difference in the near channels responses were found, far channels 
on the right side showed significantly higher activation than left side. Also, for HbO2 
features, we found significant difference between far and near channels on the right side 
only. We speculate that this laterality reflects asymmetrical activation in the prefrontal 
cortex during the CPT. This finding may suggest that there is a hemispheric response to 
noxious cold stimuli unilateral to the stimulus. 
This result is consistent with a PET study using CPT at 6C (5). They showed ipsilateral 
increases in rCBF in the lateral prefrontal cortex (Brodmann‟s areas 10 and 46) (left hand 
immersion). A 
133
Xe SPECT study of CPT, however, found contralateral response in the 
frontal lobe (left hand immersion) (118). A comparative study of common brain regions 
activated to hot and cold plates stimuli showed bilateral prefrontal response and 
ipsilateral dorsolateral prefrontal (DLPF) activation (9). They reported that cold stimulus 
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evoked larger brain regions and these two pain modalities were significantly different in 
the frontal lobe. The activation of DLPF cortex to cold stimulus was observed in an fMRI 
study of cold allodynia induced in healthy subjects (8). Another study, however, did not 
find a significant activation in DLPF cortex during cold water immersion (1C) (119). 
Time-series analysis of fNIRS parameters throughout the tolerance test was not 
conducted here. Since the autonomic response fairly quickly adapts to the stimulus while 
the pain perception may last for the entire duration of immersion, analysis of dynamics of 
the hemodynamic response may unravel some interesting mechanisms.  
Gender-specific activation detected by fNIRS  
Gender difference in perception and expression of pain has been widely addressed in 
literature (see for example (120)).  Several studies have shown that women are more 
sensitive to cold pain than men. Reports on sex differences in cold pain tolerance are 
more prevalent than cold pain threshold. A comprehensive survey of literature during 
1998 to 2008 on sex differences in pain perception found that 80% of CPT studies 
showed that females tolerate significantly less pain than males (121). Another review by 
Fillingim et al. showed that only one study out of 23 on cold tolerance did not show a 
gender difference (120). This particular study included 15 male and 19 female 
participants. Riley suggests that considering the moderate effect size of threshold and 
tolerance, a sample of 41 subjects for each gender group is needed to reach an adequate 
power (122).  
In our study, we could not find any sex difference in neither pain tolerance, nor pain 
threshold. Considering the small size of our sample (10 males, 11 females), it seems that 
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our study lacked enough power to catch the sex differences repeatedly reported in cold 
pain tolerance. However, since males and females pain tolerance and threshold are 
comparable in our sample size, it is plausible to compare their fNIRS signal under the 
condition of equivalent pain perception (to the same level of a sustained painful 
stimulus). 
Our results indicate that there is no gender-specific skin hemodynamic response to a cold 
stimulus. On the other hand, a significant gender difference in the cortical hemodynamic 
parameters (measured by far channels) suggests a sex difference in cortical response to 
the painful stimulation. 
For both genders, we observed a hemispheric lateralization in response to cold stimulus. 
Particularly, a marked HbO2 activation at the right far channel suggests an ipsilateral 
increase in cortical blood flow. This activation was not significantly different from the 
near channel response in females (p-value = 0.069). This may be justified by the 
confounding effect of skin response to the cold water stimulus given the high sensitivity 
of fNIRS signal to superficial layers. Another reason could be the smaller size of the 
HbO2 response in females requiring larger sample size. No gender difference was 
observed in HbO2 at the left far channel. 
Sex differences in cerebral activation in response to experimental and clinical noxious 
stimuli have been studied using advanced neuroimaging modalities (113, 123-129). 
Despite identifying some gender differences in cerebral responses, there seems to be a 
large variability in sex-related activation and deactivation patterns across studies. Three 
following neuroimaging studies found gender-specific activation in response to noxious 
stimuli in the prefrontal cortex. In an fMRI study, Moulton et al. discovered sex 
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differences in BOLD signal in response to noxious contact heat stimuli (127). They 
observed that women show significantly more voxels with negative signal change than 
men in the S1 and DLPF cortices. They stated that this sex difference may be in part 
explained by gender differences in baseline BOLD signal. In a PET study, Derbyshire et 
al. found significantly larger activation in males than females in response to equalized 
laser stimulation in several contralateral areas including prefrontal, primary and 
secondary somatosensory cortices (125). Sex differences in medial prefrontal cortex 
activation in response to sub-threshold and intense electrical stimulation was observed in 
an fMRI research showing a stronger activity in women (129). These studies suggest that 
the prefrontal cortex may play an important role in mediating gender differences in the 
neurophysiological response to painful stimulation. 
We did not find any sex difference or lateralization in the near channels response. 
Nevertheless, we cannot conclude that skin response is unlikely to be related to perceived 
pain intensity. 
4.5. Conclusion 
Our study has revealed cutaneous and cortical hemodynamic response to noxious cold 
stimulus. Moreover, we observed sex-specific cortical activation. This suggests sex 
differences in central processing of nociceptive information and that there may be 
underlying gender differences in the neural mechanisms that mediate pain perception. 
The results of this research may help in producing a clear and consistent pattern of sex 
differences in human pain sensitivity. 
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The origin of signal change in the prefrontal cortex during a CPT is still unclear since the 
nociceptive component and autonomic aspect of the response are superimposed. 
Complete dissociation of the two elements requires careful control of the experiment to 
include non-noxious challenges for ANS arousal and pure nociceptive stimuli for pain 
system process.  
We used water stimulus at close to cold pain threshold (15C) to elicit less autonomic 
response. However, results showed that regardless of the water temperature, skin and 
deep responses were significantly different. In an effort to evoke a pure autonomic 
response, Harper et al. used the Valsalva maneuver and found significant activation in a 
number of brain regions including the medial and orbital prefrontal cortex that showed 
response to the CPT as well (130). Their observation suggests that the evoked response to 
the CPT in the prefrontal cortex may demonstrate ANS activation. 
Because cold noxious stimulus evokes substantial cardiovascular reaction, differentiation 
of nociceptive processing and autonomic reaction to the CPT challenge requires careful 
adjustment of the experiment‟s parameters. 
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CHAPTER 5: SUMMARY, FUTURE WORK, AND CLINICAL APPLICATIONS 
 
 
 
 
5.1. Summary 
This PhD research suggests utilizing fNIRS technique for objective assessment of pain. 
We found an association between a noxious stimulus and the evoked hemodynamic 
response and demonstrated that induced cold noxious stimulus evokes a reproducible and 
consistent hemodynamic response which can be reliably detected by fNIRS.  
In the first set of experiments, we used three trials of a CPT to test the reliability of our 
measurement and study the patterns of adaptation to repeated noxious stimuli. We 
observed that a CPT evokes a reproducible and consistent bilateral hemodynamic 
response at the skin and deeper cortical layers. While no laterality of the response was 
seen at the skin, right hemisphere prefrontal cortex showed significantly higher activation 
than left hemisphere.  
The measured hemodynamic response to an acute painful stimulus is mainly dominated 
by ANS reactivity. Our results suggest that the cortex might also be involved in at least 
some aspect of the observed nociceptive response. We also observed adaptation to 
repeated exposures to a CPT in both the hemodynamic parameters and subjective pain 
scores. Correlation analyses on pain rating scores and total oxygenation parameter 
showed moderate to large effects which can be translated to a meaningful association 
between subjective self-reports and objective measurements by fNIRS. This effect can be 
explained by inherent interaction between autonomic nervous system and central pain 
processing system. 
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In the second set of experiments, we employed four CPTs at different temperatures of 
cold water (1C, 5C, 10C, and 15C) to evoke variable pain levels. We observed that as the 
temperature of cold water decreases, the pain threshold decreases and maximum pain 
score reported during the immersion increases. Also, pain tolerance at 1C was 
significantly lower than tolerance at higher temperatures. Significant correlation was 
revealed between pain tolerance at 1C and change in Hb response.  
Right hemisphere dominance in the hemodynamic response to cold water stimuli was 
again observed in these experiments. No laterality of the response was seen at the skin. 
We also observed important gender differences in the hemodynamic response recorded 
by channels that scan the surface of prefrontal cortex. Gender-specific response was seen 
at the right far channel suggesting that right prefrontal cortex may mediate gender 
differences in the neurophysiological response to pain. Gender difference was not found 
in the skin hemodynamic activity, providing further support for the specificity of fNIRS 
technique.  
We also employed a novel data analysis technique, namely functional data analysis 
(fDA), to explore the variability in our measurements. fDA converts discrete observations 
over a continuum to continuous curves. It provides computational efficiency and 
flexibility and allows study of the dynamics of processes. We used functional principal 
component analysis (fPCA) and functional canonical correlation analysis (fCCA) to 
investigate the variability between the hemodynamic curves during a CPT and examine 
shared modes of variation between Hb and HbO2 curves. 
We showed that fPCA could effectively discriminate different experimental conditions 
and characterize main features shared by subjects. It also quantifies the weight of each 
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feature that could be helpful in including the most significant features for statistical 
analysis. This information cannot be easily obtained from the original observations. For 
example, we found that not only the peak of HbO2 response is an important feature but 
also, the slope of the evoked response is highly variable between subjects and should be 
included in future analyses. We also investigated the interaction between Hb and HbO2 
curves by fCCA and found an overall strong correlation between Hb and HbO2 variations 
through a CPT.  
5.2. Future work 
fNIRS application for the assessment of pain is very recent but literature shows a fast 
growing interest in such a novel solution. Increasing refinement of the techniques 
proposed in this dissertation would be necessary to make fNIRS a clinical tool for the 
assessment of chronic pain condition. These refinements include: 
• Since the hemodynamic response to cold water immersion is mainly confounded by 
the ANS response, using other noxious stimuli that would evoke a less generalized 
systemic response such as hot plates and pressure algometry would help in 
discriminating the central processing and autonomic reactivity. 
• Advanced signal processing techniques needs to be incorporated to separate the 
hemodynamic response of different tissue layers. In particular, isolating the cortical 
response may help in developing neurofeedback settings. In such settings, pain 
patients learn to regulate their brain activity to soothe their pain. This framework aims 
designing personalized treatments through the use of an individual‟s own data for 
self-regulation. 
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• Novel algorithms for functional data analysis (in contrast to feature analysis) of pain 
data with a focus on inter-subjects variability is required to better understand the 
central (central nervous system) and general (autonomic nervous system) components 
of the hemodynamic response to pain. 
• Other modalities, such as EEG and fMRI, should be integrated to complement fNIRS 
by improving the temporal and spatial resolution of measurements. 
5.3. Clinical Applications 
This PhD research focused on the study of acute pain response in healthy individuals 
between 18 and 40 years old with no pre-existing pain condition. Our sample subjects 
were fully communicative and able to give their report of pain. The association between 
self-report of pain and the hemodynamic parameters found in this research would 
particularly benefit patient populations for whom communication for self-report is 
primitive such as infants or impaired such as elders with dementia or post-stroke 
complications. There have been several researches studying infant‟s hemodynamic 
response to noxious stimuli. Future studies should include elders with impaired cognition. 
An important practical consideration for elders is the use of hot water immersion rather 
than CPT because most seniors suffer from arthritis in their extremities. The hot water 
immersion test is equally capable of triggering a pain response without the confounding 
effect of baroreflex seen in a CPT. 
Another possible application of the proposed technique is the assessment of opioid-
induced hyperalgesia (OIH), which is heightened sensitivity to pain after prolonged 
exposure to opioid.  OIH limits the efficacy of pain medications. CPT has been long used 
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to assess the sensitivity to opioid administration. The affordability and ease of fNIRS use 
can provide an objective tool for longitudinal monitoring of OIH development. 
 Last but not least, we suggest the application of the proposed technique for the 
assessment of preoperative sensitivity to cold water stimulus. Several studies have shown 
that sensitivity to cold pain is a risk factor for developing post-operative pain. Our 
technique can effectively and objectively examine pre- and post-surgery sensitivity to 
pain. 
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